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Abstract 
 
Research suggests that plaque morphology plays a crucial role in determining plaque 
vulnerability. However the relationship between plaque morphology and rupture is still not 
clearly understood due to the limited information of plaque morphology. The aim of this 
study is to improve our understanding of the relationship between plaque morphology and 
rupture, and to use this to predict the risk of plaque rupture from the morphology at the 
molecular level. This can enable the identification of culprit lesions in clinical situations for 
assessing plaque rupture risk.  
 
Histological assessments were carried out on 18 carotid plaque specimens. The 3-D collagen, 
lipid and macrophage distributions along the entire length of the plaque were analysed in 
both ruptured and non-ruptured symptomatic plaques. In addition, plaque morphology on the 
rupture sites were examined and compared with the surrounding regions. It was found that 
ruptured plaques had thinner fibrous caps and larger lipid cores compared to non-ruptured 
plaques. Also, ruptured plaques had lower collagen content compared to non-ruptured 
plaques, and higher collagen contents upstream compared to downstream region from the 
plaque throat. At the rupture site there was lower collagen content, and a larger lipid core 
thickness behind a thin fibrous cap compared with the mean for the longitudinally adjacent 
and circumferential regions. Macrophage cells were located nearer to the boundary of the 
luminal wall in ruptured plaques. For both groups, the area occupied by macrophages is 
greater at the upstream shoulder of the plaque. There is a positive correlation between 
macrophage area and lipid core area, a negative correlation between macrophage area and 
collagen content, and between lipid core size and collagen content for both plaque groups. 
 
3D reconstruction of ex-vivo specimens of carotid plaques were carried out by a combined 
analysis of US imaging and histology. To reconstruct accurate 3D plaque morphology, the 
non-linear tissue distortion in histological images caused by specimen preparation was 
corrected by a finite element (FE) based deformable registration procedure. This study shows 
that it is possible to generate a 3D patient specific plaque model using this method. In 
addition, the study also quantitatively assesses the tissue distortion caused by histological 
procedures. It shows that at least 30% tissue shrinkage is expected for plaque tissues. 
 
The histology analysis result was also used to evaluate ultrasound (US) tissue 
characterization accuracy. An ex-vivo 2D ultrasound scan set-up was used to obtain serial 
transverse images through an atherosclerotic plaque. The different plaque component region 
obtained from ultrasound images was compared with the associated histology result and 
photograph of the sections. Plaque tissue characterisation using ex-vivo US can be performed 
qualitatively, whereas lipid core assessment from ultrasound scan can be semi-quantitative. 
This finding combined with the negative correlation between lipid core size and collagen 
content, suggests the ability of US to indirectly quantify plaque collagen content. This study 
may serve as a platform for future studies on improving ultrasound tissue characterization, 
and may also potentially be used in risk assessment of plaque rupture. 
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Contributions and Outcomes  
1. The systematic and detailed assessment of plaque morphology reveals the 
morphological difference between the ruptured and non-ruptured plaques at 
different longitudinal locations, and the morphological difference around 
rupture sites. The main results are:  
• Ruptured plaques have a thinner mean fibrous cap thickness in 
comparison to non-ruptured plaques 
• Ruptured plaques have a larger mean lipid core size than non-
ruptured plaques 
• The collagen content in the fibrous cap of ruptured plaques is 
comparatively lower than non-ruptured plaques. 
• Plaque morphology at the actual rupture site is significantly different 
compared to the longitudinally adjacent and circumferential regions 
 
2. 3D distribution of macrophage cells in ruptured and non-ruptured plaques: 
• Ruptured plaques have a higher mean macrophage content overall in 
comparison to non-ruptured plaques. 
• In ruptured plaques macrophages are localised at a closer proximity 
to the luminal wall than in non-ruptured plaques where they are 
found closer to the lipid core 
• The upstream region of maximum stenosis has higher macrophage 
content than in the downstream region for both ruptured and non-
ruptured plaques. 
 
3. Development of a technique for high resolution 3D reconstruction of arterial 
plaque specimens for stress analysis, by combining histological analysis and 
ultrasound imaging.  
 
4. Demonstrated that it is feasible to semi-quantify the lipid core of plaques 
using ex-vivo ultrasound. 
 
Major novelties of the study  
1. This was the first study to collect results from histological sections 
throughout the entire plaque length with small section intervals 
(<250micron); 
2. The study of plaque morphology differences between (a) the ruptured and 
non-ruptured; (b) different longitudinal locations; (c) rupture sites and 
surrounding region. 
3. Most of the techniques developed in plaque 3D reconstruction were novel. 
4. Quantitative assessments of histological processing induced, non-uniform, 
tissue distortion for different plaque components. 
5. Comparison of plaque ultrasound images with tissue distortion corrected 
histological analysis and section photograph. 
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Chapter 1 
 
Introduction 
 
 
1.1 Atherosclerosis 
 
1.1.1 Structure of Healthy Arteries 
 
Arteries are composed of three distinct layers, known as the intima, media, and 
adventitia. Healthy arteries have a very thin intima layer, which is comprised of an 
endothelial cell layer and an internal elastic lamina. The internal elastic lamina forms 
a boundary between the intima and media. In the medial layer there can be found 
smooth muscle cells and collagen fibres which are found in bundles. The collagen 
found here is mainly composed of the type VI form, and the region is also heavily 
interspersed with elastin fibres. A basement membrane – external elastic lamina, 
forms a distinct boundary between the adventitia and the media. This layer is 
primarily composed of type III collagen fibres, and ground substances such as 
fibronectin. Other components found in the adventitia include inflammatory cells, 
fibroblasts, and nerve bundles. It also contains the vasa vasorum which is a network 
of blood vessels that supply the artery with oxygen and nutrients. 
 
1.1.2 Atherosclerosis 
 
Atherosclerosis is the name given to a disease that affects arterial blood vessels. 
"Athera" means porridge in Greek, and this name has been adapted because plaque 
has a foamy appearance when the diseased artery is placed under a microscope. The 
“sclerosis” part denotes the hardening. Atherosclerosis is generally referred to as a 
hardening or furring of the blood vessels, however this is an oversimplification. 
Atheromas (atheromata or atheromatous plaques) are formed in the vessel wall. In the 
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later stages it can either reduce or totally restrict the blood flow in the lumen. This 
process is known as stenosis, and can cause further problems due to rupturing or 
damage to tissue in the downstream regions. The onset of atherosclerosis can 
sometimes start in the later years of childhood in certain individuals. It is generally 
found in most major arteries; however it remains silenced and unnoticed when there 
is no ischemia symptoms for the patient. It only becomes symptomatic when it starts 
to interfere with circulatory blood supplies to the heart or brain etc. It is considered to 
be the major cause of strokes, heart attacks, and various heart diseases. Data obtained 
from the US (2004) has shown that out of everyone who has atherosclerosis, 65% of 
men and 47% of women only first realise that they have the disease when they have a 
heart attack. 
 
1.1.3 Risk Factors 
The disease is commonly considered as being a systemic disease that is initiated by 
certain risk factors. These risk factors can be classified as environmental or genetic. 
The environmental factors include: infectious agents; lack of exercise; cigarette 
smoking; and low antioxidant levels etc. The genetic risk factors are more related to 
certain disorders such as: obesity; diabetes; systemic inflammation; familial history; 
hypertension; reduced concentration of high-density lipoproteins (HDL); increased 
concentration of low-density lipoprotein (LDL); sex of the individual (male/female), 
above the age of 60; depression, increased levels of haemostatic factors and other 
behavioural traits. 
 
1.2 Atherosclerosis Development Process 
In brief, the first steps of atherogenesis are the formation of fatty streaks which are 
small sub-endothelial deposits of lipids (figure 1.1(a)). The first response to these 
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deposits is the inflammatory process. Monocytes enter the artery wall from the 
bloodstream. They then differentiate into macrophages, and then slowly turn into 
large foam cells. The lesion at this stage appears as a fatty streak (figure 1.1(b)).  
 
 
.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.1: Major phases of atherogenesis lesion development (Ross R et al 1999) 
 
The composition of fatty streaks is initially lipid-laden monocytes and macrophages 
(foam cells), together with T-lymphocytes within the arterial wall as in figure 1.1(b). 
At a later stage, the fatty streaks are joined by various numbers of migratory smooth 
muscle cells. This is followed by T-cell activation, which is mediated by tumor 
necrosis factor  (TNF-a), interleukin-2 (IL-2), and granulocyte–macrophage colony-
stimulating factor. The third step is foam cell formation, which is regulated by 
oxidized low-density lipoprotein, macrophage colony-stimulating factor, tumor 
necrosis factor , and interleukin-1 (IL-1). The final step involves platelet adherence 
     (a) Endothelial dysfunction             (b) Fatty-streak formations 
     (c) Advanced, complicated lesion           (d) Unstable fibrous plaques 
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and aggregation. This occurs as a result of stimulation from integrins, P-selectin, 
fibrin, thromboxane A2, and tissue factor, and is accountable for leukocyte 
adherence.   
  
 
The progression of fatty streaks allows lesions to develop from an intermediate stage 
to an advanced level, and is associated with fibrous cap formation near to the walls of 
the lesion as demonstrated in figure 1.1(c). This occurs in response to an injury and 
represents a type of healing or fibrous response. The fibrous cap covers a mixture of 
leukocytes, lipids, and debris, which can cause the formation of a necrotic core. The 
continuous adhesion and entry by leukocytes causes lesions to expand at their 
shoulders. Macrophage colony-stimulating factor, monocyte chemotactic protein-1 
(MCP-1), and oxidized low-density lipoprotein are principle factors associated with 
macrophage accumulation. The result of apoptosis and necrosis, increased proteolytic 
activity, and lipid accumulation is the necrotic core. A number of contributing factors 
are associated with the formation of the fibrous cap. These include increased activity 
of platelet-derived growth factor, transforming growth factor ß, interleukin-1, tumor 
necrosis factor , and osteopontin. 
 
The rupturing or ulceration of fibrous caps usually occurs in thinning regions that 
cover advancing lesions. The fibrous cap starts to thin because there is a continuous 
influx and activation of macrophages (figure 1.1(d)). The macrophages at these sites 
release matrix-metalloproteinase’s (MMP’s) and other proteolytic enzymes that act to 
degrade the matrix. This can then ultimately lead to incidences of haemorrhages from 
the vasa vasorum or from the lumen, and can cause the formation of a thrombus and 
occlusion of the artery. 
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1.3 Vulnerable Plaque 
In the past clinicians and researchers have thought that the build up of fatty plaques in 
arteries that resulted in blockage of vessels to the heart or brain was the main cause of 
heart attacks and strokes. Over a period of time, the arteries would narrow 
considerably due to the build-up of plaque to an extent that they become completely 
blocked or significantly narrowed, blood clot or thrombus. The consequence of this is 
that the heart is deprived of blood, which then eventually causes a heart attack. 
However, this is responsible for only 3 out of 10 heart attacks. 
 
Recent research has revealed that significant numbers of people who have heart 
attacks do not have plaques narrowing the arteries. It is more the case that rupture 
prone plaques are found located within the artery wall. This may not always result in 
it bulging out and blocking blood flow through the artery (Kobayashi et al (2009)). It 
is for this reason that researchers are looking into how inflammation affects arteries, 
and if it could lead onto a heart attack. Studies have suggested that inflammation can 
lead towards the development of “soft” or vulnerable plaques (figure 1.2). They also 
revealed that vulnerable plaques do not contain just debris that block an artery, but 
also contains numerous cell types which can contribute to the blood clotting process. 
 
 
 
 
 
 
 
 
Figure 1.2 Cross-section of the arterial wall highlighting the monocytes, thin 
covering, and the soft plaque of the vessel 
http://health.allrefer.com/health/atherosclerosis-pictures-images.html 
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The atheromatous plaque has been well described in terms of its progression, and the 
clinical characterization of the atherosclerotic lesion has also been well documented. 
However, the vulnerable plaque in terms of its concepts is still a novel area. 
“Vulnerable plaque” is a term that has been derived from a sub-group that are known 
as stenotic plaques. They are prone to both rupture and erosion, sometimes causing 
acute coronary syndromes and sudden cardiac death. Rupture prone plaques have 
been shown in post-mortem evaluation to have specific characteristics such as thin 
fibrous caps (<65µm for coronary arteries - Tavora et al 2010), large lipid rich pools, 
and increased macrophage activity. The cellular mechanisms involved result in the 
reduction of collagen synthesis, local over expression of collagenases, and apoptosis 
of smooth muscle cells. The plaque shoulder region has most of these changes. Pro-
coagulant factors, especially tissue factors are released when there is a disruption in 
the fibrous cap integrity. This results in a nidus for thrombus formation, as well as the 
potential for acute coronary incidents (Prediman K et al 2003). Throughout the 
vasculature, vulnerable plaques are continuously being ruptured; however, only a 
minority of plaques proceed to clinical syndromes caused by occlusive thrombus. 
Research is being carried out to establish the factors involved in determining the 
rupture induction. 
 
Based on studies of culprit plaques, a criterion set has been developed for defining 
vulnerable plaques. These are known as the “major criteria” and describe five 
different plaque types. A higher risk of plaque complications may be implicated if 
one or more of these factors are present. 
• Active inflammation (monocyte/macrophage infiltration) 
• Thin cap with large lipid core 
• Endothelial denudation with superficial platelet aggregation 
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• Fissured plaque 
• Stenosis >90% 
Figure 1.3 shows an example of a cross-section of a plaque consisting of a thin 
fibrous cap and a large lipid rich core. The histomorphologic features of ruptured 
plaques are very different to that of intact plaques. For example, ruptured plaques 
tend to have a relatively larger volume compared to intact plaques. They also have 
outward (positive) remodelling, a large lipid core which usually consists of more than 
40% of the plaque volume, and is composed of free cholesterol crystals, cholesterol 
esters, and also oxidized lipids impregnated with tissue factors (Prediman K et al 
2003). Other histomorphologic features of ruptured plaques include the infiltration of 
inflammatory cells into the fibrous cap and adventitia (mostly monocytic-
macrophages, some activated T cells and mast calls); thin caps depleted of smooth 
muscle cells and collagen, and also increased neovascularity. The presence of these 
features in a plaque prior to rupture shows it to be vulnerable to rupturing. The 
concept of plaque vulnerability has been derived on the basis of this hypothesis 
(Prediman K et al 2003). 
 
 
Figure 1.3 (A) Cross-section of an artery demonstrating a thin fibrous cap 
(indicated by the arrowheads) overlying a crescentic lipid rich core; (B) higher 
magnification of the margin of the cap and shows the highly dense infiltration of 
foamy macrophages (Shah et al 2003)  
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1.4 Clinical Management of a Patient with Arterial Plaque  
Due to the difficulty and economical costs of diagnosis of arterial plaque, currently 
there is no national screening system available to provide an early warning of 
atherosclerosis development. Most patients who are eventually diagnosed as having 
arterial plaque often displayed symptoms such as hypertension or neurological 
symptoms. If the patients’ early symptoms are minor and noticed by patients or their 
medical practitioner, a suitable treatment may prevent a major rupture of the plaque 
and the consequent stroke or heart attack from occurring. Depending on the severity 
level of the plaque, drug treatment or eventually surgical treatment such as carotid 
endarterectomy (CEA) may be introduced to prevent major heart attacks or strokes. 
As will be described in the following chapters, the assessment of plaque vulnerability 
and risk of potential rupture is very difficult non-invasively. The inclusion criteria for 
CEA are still dependent on the degree of stenosis (for asymptomatic patients) and 
symptoms (for symptomatic patients). 
     
The benefits of CEA in the prevention of a rupture are obviously absolute, but in 
asymptomatic patients it is not possible to predict. A recent study by Charurvedi et al 
showed that the NNT (number needed to operate) =22 for 50% to 60% stenosis, ARR 
of 4.6% over 5 years; while NNT=6.3 for stenosis > 70%, ARR of 16% over 5 years 
(Chaturvedi et al 2008)). This has significant impact on man power and economical 
resources. A reliable rupture risk assessment could define CEA efficiency for 
preventing rupture, and would also reduce unnecessary procedures for low risk 
patients. This approach could reduce unnecessary surgical risks and reduce the 
financial burden to the NHS.  
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1.5 Thesis Structure 
The organisation of the thesis can be found as follows:- 
• Chapter 1. Introduction: Introduces the background of the healthy and 
diseased arteries, aims, contributions, research outcomes, and the importance 
of the research 
• Chapter 2. Literature Review: Provides a literature review which covers the 
current hypothesis on plaque rupture mechanisms, the status of research in all 
related areas involving plaque rupture risk assessment, and details of the 
current knowledge on plaque components. It will also include the techniques 
required for plaque structure and vulnerability assessments. 
• Chapter 3. Methodology Development: Provides detailed descriptions of the 
methods that were applied to the plaque morphology analysis, the image 
registration procedure, and the plaque tissue characterisation using ultrasound, 
which are then used in the subsequent chapters. 
• Chapter 4. Plaque Morphology Analysis: Investigates the morphology of 
atherosclerotic plaques between ruptured and non-ruptured groups. It assesses 
plaque features including the fibrous cap and the lipid core, with the central 
element of the chapter being primarily focused on collagen, the main structural 
component in an atherosclerotic plaque. 
• Chapter 5. Macrophage Distribution: Investigates the macrophage cell 
content and distribution in atherosclerotic plaques comparing ruptured and 
non-ruptured groups. It also investigates the correlation between macrophage 
cells and lipid content.  
• Chapter 6. Plaque 3D Reconstruction: Focuses on the development of a 
procedure for generating a 3D plaque geometry model based on histological 
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sections, addressing the problems of a) registration of the sections into 3D, and 
b) the structural distortion caused to the histological sections by tissue 
processing. 
• Chapter 7. Ultrasound Plaque Characterisation: Evaluates the feasibility of 
using 2D ultrasound to characterise plaque components via an ex-vivo setup, 
and by using histological sections of plaque specimens as the “gold standard”.  
• Chapter 8. Discussion and Conclusion: This is the discussion and conclusion 
for the thesis. Although individual results maybe discussed in each chapter, 
this chapter provides the general discussions with cross-literature comparisons, 
covering the whole study area. 
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Chapter 2 
 
Literature Review on Atherosclerotic Plaques 
 
 
2.1 Stages of Plaque Progression and Vulnerability 
 
The description of the different stages of plaque progression is best described using 
the American Heart Association (AHA) classification system which has categorised 
atherosclerotic lesions into 8 different types. This categorisation has been based upon 
the plaques structure and composition. There are three papers which describe in detail 
this classification system (Stary et al 1992, Stary et al 1994, Stary et al 1995). An 
updated version of this can be found in a fourth paper (Stary et al 2000). To 
understand the path a lesion may take in its progression, this classification system can 
be very informative. The figure below (figure 2.1) briefly shows a summary of the 
categories. 
 
 
Figure 2.1 Stages of plaque progression (Stary et al 2000) 
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More detailed description for each stage is summarised in table 2.1. 
Lesion 
type Characteristics 
I The presence of the first signs of lipid droplets which are usually found located around isolated groups of macrophages 
II 
“Fatty streaks”, increased number of foam cells that are organised to form 
stratified layers. However, the vast majority of the lipid is contained 
intracellularly, with only a small amount of extracellular lipid. A certain 
number of type II lesions stay at this stage for a prolonged period of time, 
whilst some may progress quickly 
III 
A stepping stone from the clinically silent type II lesions and the more 
advanced and dangerous type IV – type VI lesions. The formation of small 
pools of extracellular lipid amongst the layers of smooth muscle cells 
IV 
Widespread and highly concentrated accumulations of extracellular lipid. 
Both the lipid core and fibrous cap can be clearly defined. Type IV lesions 
can be vey difficult to detect in vivo because they do not obstruct the 
lumen. However, due to the morphology comprising of a large lipid core 
and a thin fibrous cap, they are prone to rupture. 
V 
Depositions of fibrous tissue, especially in the fibrous cap, and in regions 
where the accumulations of large lipid pools have caused disruptions to 
the normal arterial structure. They are more stenotic compared with type 
IV lesions. 
VI 
Undergone a rupture. Plaques of this nature show disruption of the lumen 
surface, hematoma or hemorrhage, and thrombosis. They are essentially 
type IV or V plaques that have had a rupture. 
VII Comprises primarily of calcification, regardless of the presence of a lipid pool. 
VIII 
Having extensive fibrous tissue with minimal or no lipid. The formation 
of this type of lesions could have arisen from the reabsorption of the lipid 
core, or remodelling of a previously formed thrombus. 
 
Table 2.1 Different types of atherosclerotic plaques (Stary et al 2000) 
 
2.2 Morphology of Atherosclerotic Plaque  
2.2.1 Macro Level 
Numerous distinctive features have been shown in detailed histological assessment of 
ruptured plaques. A large lipid core (≥30-40% plaque volume) composed of free 
cholesterol crystals, cholesterol esters, oxidised lipids embedded with tissue factors; a 
thin fibrous cap depleted of smooth muscle cells and collagen; outward (positive) 
remodelling; infiltration of inflammatory cells into the fibrous cap and adventitia 
(predominantly monocyte-derived macrophages, activated T cells, dendritic cells and 
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mast cells); and an increase in adventitial and plaque neovascularity. These 
phenotypic and morphological features of ruptured plaques are considered to be 
indications of plaque vulnerability when present in plaques that have not yet ruptured. 
This forms the basis for the concept of vulnerable plaques.     
 
Fibrous Cap 
The fibrous cap is an important morphological feature of atherosclerotic plaques, 
which functions to maintain a barrier between the lipid rich necrotic core, and the 
flowing blood in the lumen. It is formed from a layer of fibrous connective tissue, 
which is thicker and less cellular than the normal intima. It is infiltrated by the 
migration and proliferation of macrophages, smooth muscle cells (SMC), foam cells, 
and lymphocytes, which contributes to its formation (Ross R et al 1990). It is 
primarily composed of the structural molecules, collagen and elastin.  
 
The fibrous cap contributes towards luminal encroachment (stenosis), which is used in 
current clinical practices as an indicator for surgical intervention. Although studies 
have shown the benefits of surgery in patients with high-grade stenosis (70-99%), its 
benefit in patients with moderate stenosis (30-70%) is less clearly known (Li et al 
2006). Outward expansive remodelling in plaques can increase plaque size without 
compensatory narrowing of the lumen (Ivan et al 2002), causing potentially 
vulnerable plaques to be underestimated in terms of size and therefore vulnerability. 
This has led to investigators focusing efforts on the importance of the fibrous cap in 
relation to a rupture event. Yonetsu et al (2011) have shown, using OCT, that ruptured 
coronary plaques have thinner fibrous caps than non-ruptured plaques. Studies have 
shown that plaque with thin fibrous caps have higher peak stress levels than plaques 
with thicker fibrous caps. A slight decrease in fibrous cap thickness can significantly 
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elevate stress levels on the fibrous cap, and making it vulnerable to rupture (Gao et al 
2008). Synetos et al (2009) demonstrated, using optical coherence tomography 
(OCT), that lesions in proximal segments of coronary arteries have thinner fibrous 
caps (49±20µ) than lesions that are located in distal segments (70±32µm) of the 
arteries (p=<0.05). Plaque rupture was found in 75% of proximal lesions, compared 
with 42.3% in the distal lesions (p=<0.05). The study showed that the thickness of 
fibrous caps has important implications with regard to plaque rupture. This finding is 
in concordance with a recent study carried out by Cicha et al (2010) which 
demonstrated that upstream regions, which are associated with cap thinning by 
proteolytic enzymes, are predominant sites of rupture. Other studies have shown the 
importance of the fibrous cap in relation to rupture (Redgrave J et al (2008) and 
Yonetsu T et al (2011)), who investigated critical cap thickness resulting in increased 
likelihood of a rupture.  
 
The fibrous cap of atherosclerotic carotid plaques is an absolutely crucial determining 
feature of plaque rupture. The importance of the fibrous cap in relation to rupture has 
attracted large amounts of research investigating this not only as a parameter to assess 
rupture risk, but as a dynamic parameter in this complex disease. However, despite its 
importance, there is still a lack of understanding of the detailed systematic assessment 
of fibrous cap morphology in carotid plaques, and how this can influence plaque 
rupture. Improving our knowledge on fibrous cap morphology in a systematic way, 
and in its relationship with other plaque components, may help us to improve the risk 
assessment of plaque rupture and its etiology. 
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Lipid Core 
The lipid core is an important morphological component of atherosclerotic plaques as 
it can determine the vulnerability of a plaque to rupture. It is a necrotic acellular entity 
composed of free cholesterol, cholesterol crystals, and cholesterol esters which have 
originated from lipids that have either infiltrated the arterial wall, or lipids that have 
been derived from the death by apoptosis or necrosis of foam cells, predominantly 
macrophages. In the early stages of lesion development, fatty streaks are formed in 
the intima; this then progresses to develop into lipid–rich necrotic cores that can be 
found in advanced atherosclerotic plaques. Lipid cores are therefore involved in the 
entire period of plaque evolution, from the initial fatty streak stage to plaque rupture 
(Guyton et al 1996). Investigating the lipid-rich core in relation to plaque rupture is a 
crucial area for investigators as it can help improve our understanding of both plaque 
development, and risk assessment of plaque rupture.  
 
Studies have shown that large eccentric lipid cores in plaques can be a mechanical 
disadvantage as it can contribute to plaque instability by redistributing circumferential 
stress to the shoulder regions, where nearly 60% of all plaque ruptures tend to occur 
(Huang H et al 2001). Gao et al (2008) demonstrated that increases in lipid core size 
correspondingly increased plaque stress levels, a notable factor in triggering fibrous 
cap rupture. Yehuda et al (2011) showed that exposing monocytes to lipid extracts in 
vitro promoted the expression of proinflammatory factors in human monocytes and 
macrophages. This may suggest that larger sized lipid cores in plaques may have 
increased proinflammatory factors, which in turn may increase plaque vulnerability. 
Discriminating between plaques with large lipid cores and smaller ones has therefore 
been of paramount importance in assessing a patients risk to rupture. Meese et al 
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(2008) demonstrated that it is possible to discriminate lipid-rich from non-lipid rich 
plaques using a clinical catheter based near-infrared (NIR) spectroscopy.  
 
Studies have highlighted the importance of the lipid core in relation to plaque rupture. 
However, there is still a lack of knowledge regarding the detailed assessment of the 
morphology of the lipid core and its influence on other plaque components, which are 
also considered important in plaque rupture. Understanding these relationships may 
help in improving the risk assessment of plaque rupture.      
 
2.2.2 Molecular Level 
Inflammation 
The morphology of atherosclerotic plaques is dynamically influenced by the 
molecular processes that occur within arterial walls. These molecular processes are a 
result of inflammatory activities which regulate variations in plaque morphology and 
cause certain plaques to be more prone to rupture than others. Inflammatory cells are 
predominately located adjacent to sites of fibrous cap rupture and around lipid cores 
(Shah PK et al 2007). Inflammatory cells are recruited into atherosclerotic plaques by 
cell adhesion molecules such as vascular cell adhesion molecules (VCAM)-1, and 
cytokines such as monocyte chemoattractant protein (MCP)-1, IL-8, and eotaxin 
(Libby P et al 2002). Once inflammatory cells are inside arterial walls they are 
retained and activated through the activity of other cytokines such as macrophage 
colony stimulating factor (M-CSF). Another mode of entry for inflammatory cells 
into plaques may be through adventitial walls or the plaque neo-vasculature, which is 
enhanced in atherosclerosis (Kolodgie FD et al 2003). Zalewski et al (2005) 
demonstrated a link between lipoproteins and inflammation through the enzyme Lp-
PLA2 (lipoprotein associated phospholipase A2). The majority of studies found in 
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literature demonstrated that the primary immuno-inflammatory cells implicated in 
atherothrombosis are monocyte-derived macrophages and T-lymphocytes. There are 
some recent studies that suggest a potential role for mast cells in the pathogenesis of 
atherosclerosis and plaque instability (Kovanen PT et al 2007). Taranto et al (2010) 
demonstrated differences in gene expression profiles of atherosclerotic plaques 
compared with healthy control subjects. The study found that 42 genes were 
differently expressed, 13 genes were up-regulated, whilst 29 were down-regulated in 
plaque tissue. The study supports the notion that inflammation plays a key role in 
determining plaque morphology. Kitakaze et al (2009) demonstrated the association 
of inflammation with plaque morphology by showing that the inflammatory 
molecule, tumour necrosis factor-α (TNF-α), found in atherosclerotic lesions, up-
regulated RAGE expression. RAGE encodes for a trans-membrane receptor that 
mediates responses to cell danger and stress, in addition to activating programmes 
responsible for acute and chronic inflammation, and therefore may promote 
atherogenesis. It can therefore be seen that inflammatory molecules play an important 
role in altering plaque morphology, and can determine the progression and 
vulnerability of plaques.    
 
Matrix Metalloproteinase (MMP) 
Plaque morphology is greatly influenced by the proteolytic activities of matrix 
metalloproteinase’s (MMP). There are several types of MMP’s functioning in 
plaques, with the primary role of collagen degradation. Since collagen is widely 
believed to play a structural role in atherosclerotic lesion stability, the study of MMP 
has been the subject of many investigations to improve our understanding on plaque 
remodelling, and in the risk assessment of plaque rupture. It is widely believed that 
MMP’s play a crucial role in influencing plaque morphology. Studies have sought to 
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understand the role of the different types of MMP’s in influencing the different 
morphologies. Djuric et al (2008) investigated the gene expression of MMP-8 in 
human carotid plaques, and compared the result from stable (fibrolipid) and unstable 
(complicated) plaques, but could not identify any significant differences between the 
groups. Barascuk et al (2011) demonstrated a link between MMP-9 and plaque 
morphology. The study developed an ELISA for the quantification of type III 
collagen degradation mediated by MMP-9 in urine. The results obtained from the 
study showed intra- and inter-assay coefficients of variation to be below 10%. The 
biomarker in the urine level of ApoE-KO mice towards the end of the 20 week study 
increased two-fold (p<0.0001), and were three-fold higher than control mice, and 
therefore demonstrates the link between MMP and the effect it may have on plaque 
morphology. Kunte et al (2010) demonstrated how MMP-9 can cause morphological 
differences in atherosclerotic plaques of patients with symptomatic internal carotid 
artery (ICA) stenosis. The study showed that plaques obtained from patients with 
symptomatic carotid stenosis as a result of embolic mechanisms showed higher 
content of MMP-9 {0.63% (0.42–1.01) vs. 0.25% (0.05–0.45); p=0.007}. 
Considering a lower MMP-9 content was found in asymptomatic plaques, this finding 
suggests that MMP-9 may have a role in influencing plaque morphology towards a 
more rupture prone configuration. Kobayashi et al (2009) demonstrated that MMP-
positive macrophages located at the plaque surface may be associated with plaque 
vulnerability, and when located at the bottom of the intima, may be associated with 
outward arterial remodelling. The study found that MMP positive-macrophages have 
the ability to contribute to plaque vulnerability by altering plaque morphology 
including outward positive remodelling. Although the majority of studies have shown 
MMP to be present in atherosclerotic lesions, a recent investigation by Baroncini et al 
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(2011) showed using the carotid plaques from thirty patients, that MMP-9 are present 
in all stages of atherosclerotic lesion progression. However, MMP-9 measurements in 
the study were taken from the overall specimen, and not in primary diseased regions.  
 
Macrophage 
Macrophage Development 
Macrophages are phagocytic cells that are derived from bone-marrow and have key 
functions for tissue homeostasis. They have an important role in the innate and 
acquired immune responses (McKnight et al 1998). Macrophage cells found in tissue 
are derived from circulating blood monocytes which are recruited by constitutive or 
inflammatory signals. Macrophages have a crucial role in tissue remodelling during 
development and wound repair. They have the ability to secrete an array of cytokines, 
growth factors and proteinases, all of which influence the remodelling of the 
extracellular matrix. They also recruit other cell types such as fibroblasts and smooth 
muscle cells which are necessary for wound repair.  
 
Apoptotic Macrophages in Plaque Rupture Sites 
Macrophage apoptosis in plaque rupture sites is one of a number of cellular events 
that can contribute to vulnerable plaque formation. It is characterised by certain key 
features such as inflammation, thinning of a protective collagenous cap, and a lipid 
rich necrotic core consisting of macrophage debris. Macrophage debris in turn can 
promote inflammation, plaque instability, and thrombosis. Studies have sought to 
understand the processes involved in macrophage apoptosis and the effects it may 
have on plaque development. In advanced plaques, macrophages have been shown to 
promote tissue repair by scavenging oxidised lipids and producing growth factors that 
are necessary for promoting smooth muscle cell proliferation and extracellular matrix 
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synthesis. However, contrary to this, a large body of evidence suggests the role of 
macrophages as being very important in the pathogenesis of atherosclerosis. 
 
Macrophage cells contain within them an organelle known as the endoplasmic 
reticulum (ER) which is responsible for lipid synthesis, protein folding, and protein 
maturation. It is also the major signal transducing organelle that senses and responds 
to changes in homeostasis. Factors influencing its ability to function optimally are 
collectively called ER stress. When ER stress occurs in macrophage cells of plaques, 
it can contribute to macrophage apoptosis and plaque necrosis. Seimon et al (2009) 
altered a signalling pathway in relation to apoptosis, involving p38 mitogen-activated 
protein kinases (MAPK). ApoE-/- mice deficient in macrophage p38α MAPK on a 
western diet were found to have a marked increase in macrophage apoptosis and 
plaque necrosis. Lesions demonstrated significant decreases in collagen content and 
increased thinning of the fibrous cap. The findings suggest that p38MAPK has an 
important role in suppressing ER-stress induced macrophage apoptosis.  Increased ER 
stress can severely impair its function in macrophages. During this stage the organelle 
sends apoptotic signals which cause an increase in macrophage-derived foam cell 
death resulting in plaques becoming vulnerable. An important component of the ER 
stress mediated apoptosis pathway is C/EBP homologous protein (CHOP). An 
investigation by Tsukano et al (2010) showed that large numbers of CHOP-expressing 
macrophages showed apoptosis in advanced lesions in wild-type mice, whilst only 
few apoptotic macrophages were observed in CHOP-/- mice, suggesting an important 
role for ER-stress CHOP pathway in macrophage apoptosis and in plaque instability. 
Another study performed by Croons et al (2009) also showed that anisomycin, a 
protein synthesis inhibitor, selectively decreased the macrophage content in rabbit 
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atherosclerotic plaques by apoptosis. The p38 MAPK plays an important role in 
anisomycin-induced macrophage death. De Meyer et al (2011) reported that Lithium 
chloride (LiCl) selectively decreased the macrophage content in rabbit atherosclerotic 
plaques by inhibiting inositol monophosphatase (IMPase) without affecting the 
viability or functionality of SMCs and endothelial cells. The study showed evidence 
for the local administration of an IMPase inhibitor to stabilise atherosclerotic plaques.    
 
2.3 Hypothesis of Plaque Rupture Mechanisms 
2.3.1 Effects of Inflammation on Plaque Rupture 
Inflammation may cause atherosclerotic plaque development and rupture through 
many interacting pathways. To validate this hypothesis, extensive researches have 
been performed by many groups to investigate the link between inflammation and 
plaque rupture.  
 
Over the past decade the appreciation of the importance of inflammation in 
atherosclerosis has increased significantly. It was previously considered to be a bland 
lipid storage disease. However, with considerable advances in basic and experimental 
sciences, the importance of inflammation and the fundamental cellular and molecular 
mechanisms that play a role in the development of atherogenesis have been 
highlighted. Strong evidence for the importance of inflammation in atherosclerosis at 
both basic and clinical levels has emerged in parallel. Data generated from studies 
highlight that insights into the link between inflammation and atherosclerosis can 
generate both predictive and prognostic information which have substantial clinical 
benefits. Inflammatory processes are not only involved in plaque progression, but 
also seem to play a critical role in plaque rupture. Fatty acid binding protein 4 
(FABP4) are carrier proteins found located along the biological span of membranes in 
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macrophage cells, and are involved in the movement of fatty acids. A study by 
Agardh et al (2011) demonstrated that the expression of FABP4 is increased at the 
mRNA level in unstable carotid plaques compared with stable plaques, suggesting an 
increased uptake of fatty acids (lipids) by macrophage cells in unstable plaques. In 
addition, immunohistochemical analyses showed the co-localisation of FABP4 to 
macrophage populations. The study further highlights the inflammatory role of 
macrophages on plaque rupture. 
 
Interleukin-17A (IL-17A) functions as a proinflammatory cytokine that responds to 
the invasion of the immune system by extracellular pathogens, and induces 
destruction of the pathogen’s cellular matrix.  It modulates immune cell trafficking 
and initiates inflammation in immune and infectious diseases. Erbel et al (2011) 
demonstrated that (IL-17A) expression levels were significantly associated with 
vulnerable and ruptured plaques (p=0.003). In addition Erbel et al (2011) showed that 
IL-17A had a negative correlation with a potent anti-inflammatory/atheroprotective 
cytokine IL-10 (p=0.0006, r=-0.46).  
 
Ionita et al (2009) reported that Myeloid related protein (Mrp)-14, an inflammatory 
marker associated with myocardial infarction, is strongly associated with the 
morphological features and the inflammatory status of rupture-prone atherosclerotic 
plaques. The study used 186 human carotid plaques to quantify levels of Mrp-14 and 
found that high levels were present in lesions which had large lipid cores, high 
macrophage content, and low smooth muscle cell and collagen content. Mrp-positive 
macrophages were present in higher numbers in rupture-prone lesions compared to 
stable lesions.  
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Hallow et al (2009) reported on the relationship between the inflammatory process 
and the mechanical stress of the plaque. The investigation used 2D heterogeneous 
finite element model to determine the spatial distribution of stress for each 
histological cross-section studied. The lesions were classified as early, intermediate, 
advanced, or mature, based on their morphological characteristics, and used 
immunohistochemistry to determine selected inflammatory markers. The study found 
a monotonic spatial relationship between mechanical stress and activated NF-κB in 
all stages of plaque progression, and a progression-dependent relationship between 
stress and the presence of macrophage and MMP-1 expression.  
 
As many studies have shown, inflammation is unquestionably a fundamental part in 
plaque rupture process. Studies have therefore attempted to investigate whether 
inflammation can be detected via alternative parameters that may be associated to 
inflammation itself, and which maybe easier to detect and quantify. Tang et al (2008) 
studied the relationship between the degree of MRI-defined inflammation using ultra 
small super paramagnetic iron oxide particles (USPIO) and the severity of luminal 
stenosis in plaques of 71 asymptomatic patients. Tang et al (2008) demonstrated that 
inflammation and degree of stenosis are likely to be independent risk factors to 
plaque rupture as no relationship was found. This study raises further questions with 
regards to plaque pathogenesis and rupture, because studies have shown that 
inflammatory activity is one of the main causes of plaque build-up and causing 
plaque encroachment and luminal narrowing. However the study (Tang et al 2008) 
recognized the need for further validation.  
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2.3.2 Effects of Collagen on Plaque Stability 
Changes in plaque collagen content may cause atherosclerotic plaques to become 
either vulnerable to rupture when there is a deficit or it may lead to arterial stenosis 
when there is an excess amount of collagen. To validate this hypothesis many studies 
have been carried out to investigate the role of collagen in plaque and its link to the 
rupturing process.  
 
The main effect of collagen on plaque stability is by varying the strength of the 
fibrous cap. Plaque instability is mainly caused by the proteolysis of the collagen 
present in the fibrous cap, as a result of the enzymatic actions of metalloproteinase’s, 
which are released by cells such as macrophages that are present in the lesions 
(Aikawa et al 1998).  
 
Numerous studies have shown the effect of collagen changes on the stability of 
atherosclerotic plaques. In addition, the causes for these changes have also been the 
subject of many researches. Angiotensin II is a hormone that causes blood vessels to 
constrict (vasoconstriction), and blood pressure to increase. It acts through two 
different types of receptors, AT1 and AT2, and are integral proteins spanning the 
membrane. When angiotensin II binds to the type 1 receptor, it can have a significant 
role in atherogenesis and collagen synthesis. However, a study by Dandapat et al 
(2008) investigated the effects of up-regulating angiotensin II type 2 receptors in 
arteries by injecting LDLR knockout mice with adeno-associated virus type 2. The 
study found that the over-expression of angiotensin II type 2 receptor reduced 
enhanced collagen accumulation, and MMP expression. Hector et al (2010) 
demonstrated that differences in collagen cross-links in plaques may adversely affect 
the tensile strength of plaques, and may be linked to plaque stability in vulnerable 
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plaques. Formation of covalent intermolecular cross-links pyridinoline (Pyd) and 
deoxypyridinoline (Dpd) affect collagen maturation in plaques. The study 
demonstrated that greater collagen deposition, increased presence of CD68 positive 
cells, and an increased Pyd: Dpd ratios are found in plaques compared with normal 
vascular tissue. Cheng et al (2009) demonstrated that administering Angiotensin II 
into carotid arteries of ApoE KO mice’s, induces the expression of an active form of 
MMP-8 and MMP-13 in macrophage cells, triggering the destabilisation of plaques 
which have a vulnerable macrophage rich phenotype. This occurs as a result of a 
relative decrease in plaque stabilising collagen, and increasing the activity of 
collagenases. The study therefore showed the effect of decreased collagen on the 
stability of plaques.    
 
2.3.3 Effects of Wall Stress On Plaque Rupture 
High mechanical stresses may influence atherosclerotic plaques to rupture due to the 
effects of the pulsatile blood pressure and flow. An extremely high local stress may 
induce the fibrous cap of a plaque to rupture directly. Extensive studies have been 
carried out to support the hypothesis that stress levels may influence the risk of plaque 
rupture. This section will highlight the research that has been performed to support the 
hypothesis.     
 
Wall Stress and Strain 
Biomechanical studies on the development and progression of atherosclerosis have 
been widely performed from a hemodynamic point of view. The vast majority of 
studies show that stress induced by blood flow on arterial walls has an important role 
towards initiation and progression of the disease. The development of stress exerted 
by blood pressure on arterial walls is a crucial factor for the disease. The progression 
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of the disease may be affected if the wall stress is too high. High levels of stress 
acting plaque can result in disruption. 
 
To understand the effect that mechanical forces can have on an atherosclerotic 
plaque, a review of the principles of material properties and the physical laws, which 
define the interaction between opposing forces in a cylindrical vessel such as a blood 
vessel would be helpful (Lee et al 1994). Stress is defined by the forces acting on a 
surface divided by the size of the surface; stress can act on a vessel wall in all 
directions including radially, circumferentially and longitudinally. Normal stress can 
be defined as perpendicular forces acting on the vessel wall such as that applied by 
blood pressure. Parallel forces acting on the endothelial cell layer results in shear 
stress. When there is a given radial pressure within a vessel, a compensatory 
circumferential tension results. The tendency to rupture of thin walled vessels like in 
a vulnerable carotid plaque is explained by plaque stress analysis. The complex 
geometries of an atherosclerotic vessel have many other factors that needs to be 
considered, however, the principle concept remains the same:  a high circumferential 
stress in a thin fibrous cap of the atheromatous plaque can cause mechanical failure of 
the plaque. 
 
Strain can be defined by the amount of deformation a structure undergoes as a result 
of an applied external force, normalised to its length. Changes in the length of the 
material are reflected by strain, and are expressed as a fraction or a percentage of the 
initial length. Materials stiffness is characterised by the ratio between the stress 
applied and the reflecting strain that is observed. This is usually expressed by the 
elastic or Young’s modulus (E). E = stress/strain 
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When the elastic modulus of structures remains constant over a range of stresses, then 
a linear elastic behaviour is observed. The material is known as isotropic when the 
modulus remains constant in all directions. An immediate stress/strain response 
occurs after a force has been applied to an elastic material. This phenomenon is not 
observed in biological structures, and is known as viscoelasticity as there is a time 
response to a given force until a new equilibrium strain has been reached. 
 
A wide variability of the material properties are characterised by vascular structures. 
1) They are anisotropic: and are stiffer in their axial and circumferential directions 
then radial; 2) they have nonlinear elastic properties, becoming stiffer with increasing 
levels of strain. Due to the complex structure of plaques, researchers make use of a 
computational structural technique known as finite element (FE) analysis to study the 
distribution of mechanical forces in atherosclerotic plaques. Complex structures can 
be evaluated by this technique by dividing it into fractional areas in order to 
determine regions of maximum stress.   
 
Stress and Plaque Rupture 
Mechanical stresses in arteries caused as a result of forces created by pulsating blood 
flow, play an important role in the atherosclerotic plaque rupture process. Studies 
have focused their research on improving the understanding of the association of 
stress to the plaque rupture process. A recent study carried out by Tang et al (2009), 
demonstrated using in-vivo MRI of carotid plaques from 20 patients, that localized 
critical stress values had a much better correlation with plaque morphological features 
that are generally associated with plaque rupture risk, compared to global maximum 
stress conditions. Richard et al (1989) assessed different geometries of plaques that 
had caused coronary thrombosis, and showed that there was an increased level of 
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stress concentration at the edge of the fibrous cap near to the boarder with the normal 
intima. The study also showed that in cases where the lipid pool was small (<15% of 
the vessel circumference), the point of maximum stress was located in the centre of 
the plaque. These results are supported by Cheng et al (1993), which evaluated 
circumferential stress distribution and magnitude in plaque rupture, by studying 
lesions from patients who died of acute coronary events and compared them with non-
ruptured lesions of individuals who died from other causes. Finite element (FE) model 
was used to establish that mechanical stresses were higher in regions of rupture then 
non-ruptured regions. The study also found that the locations of plaque rupture were 
not always necessarily locations of high mechanical stresses. This suggests that there 
must be local variations in plaque strength, and that may determine which high stress 
region ruptures or not. A study carried out by our group (Gao et al (2009) also 
performed plaque stress analysis by using fluid structure interaction method based on 
MRI data.  They found that wall shear stress distributions were highly associated with 
the degree of stenosis; however its level of magnitude were much lower than the wall 
tensile stress in the fibrous cap. Wall tensile stress is higher in the luminal wall 
compared to the outer wall, with the lowest being in the lipid core region. Local stress 
concentrations were found to be mostly occurring in the thinner fibrous cap regions 
located near to the plaque shoulders. Gao et al (2008) also performed a one-way fluid-
structure interaction (FSI) simulation on 13 carotid bifurcation cases to demonstrate 
that stress levels are more sensitive to changes in fibrous cap thickness compared with 
lipid core volume. A slight decrease in cap thickness can result in a significant 
increase in stress levels, and therefore increase the likelihood of a rupture. Tang et al 
(2008) demonstrated that there is an association between biomechanical stresses and 
ultra small paramagnetic iron oxide (USPIO) enhanced MR-defined inflammation 
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within carotid plaques. The presence of inflammatory activity in vulnerable plaque 
has been established by past studies. Therefore, the finding by Tang et al (2008) 
shows that biomechanical stresses have an important role in influencing vulnerable 
plaques to rupture.  
 
Mechanical Environment Induced Collagen Remodelling 
Blood flow in the lumen of arteries generates a mechanical environment which 
induces collagen remodelling. Collagen remodelling in the arterial wall is a critical 
determinant of plaque progression, vascular remodelling, clinical CAD 
manifestations, and plays an important role in modulating the stability of plaques. 
This subject has been the focus for many researches to improve the understanding of 
the pathology of the disease, and to improve the risk assessment of plaque rupture.  
 
A very early research on the topic was performed by Ku et al (1985), which showed 
that low and oscillating wall shear stress caused as result of blood flow correlates with 
specific location of intimal thickening. Mechanical strain based remodelling of 
collagen fibres in plaques was studied by Driessen et al (2004). Driessen et al (2004) 
demonstrated that fibre alignment is modulated by the principle strain field. Hariton et 
al (2006) on the other hand suggested that collagen fibre architecture was a 
consequence of stress. Hariton et al (2007) demonstrated using an iterative finite 
element based procedure, that human carotid bifurcation, which is subjected to stress 
due to the complex geometries in the region, modulates collagen fibre direction. The 
study found a good correlation between the predictive fibre architecture at the 
cylindrical branches and at the apex of the bifurcation, with histological observations. 
A study by Christopher J et al (2000) investigated the effects of chronic cyclical 
mechanical strain on extracellular protein production by cultured vascular smooth 
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muscle cells (VSM). They found that exposing VSM cells to 5 days of chronic 
cyclical mechanical strain increased collagen concentrations (+50% p<0.001) when 
compared with cells grown in static conditions. The study also investigated if cyclic 
mechanical strain resulted in the release of a soluble factor (cytokine) which had the 
potential to increase extra cellular matrix (ECM) protein production. The culture 
media on which the VSM cells were embedded in was removed after exposure to 
chronic mechanical strain and transferred to human VSM cells grown on static plates. 
The results show that the conditioned media caused a significant increase in the 
production of collagen proteins. These results suggest that mechanical stress in plaque 
can cause a marked increase in collagen production. Stone et al (2007) demonstrated 
that plaque progression is found in sub-segments with low endothelial shear stress 
(ESS), which are associated with either constrictive or expansive remodelling. Sub-
segments with low ESS were found to exhibit plaque progression when compared 
with sub-segments with moderate/higher ESS (33.3% vs. 7.9%, respectively, 
p=0.009), and constrictive remodelling (44.0% vs. 5.3%, respectively, p=0.16). The 
study shows that mechanical environments which are associated with low endothelial 
shear stress are responsible for collagen remodelling and plaque progression. 
However, mechanical environment induced collagen remodelling can also take place 
as a result of interstitial flow. Interstitial flow is the connective transport of fluid 
through the tissue extracellular matrix. This type of fluid flow, also known as 
creeping fluid flow, has been shown to induce the morphology and migration of cells 
such as fibroblasts, and endothelial cells by modulating the mechanical environment 
of cells. Shi et al (2011) demonstrated using a conceptual mechanotransduction model 
that cell surface glycocalyx HSPGs, in the presence of integrin-mediated cell-matrix 
adhesions and cytoskeleton organisation, are able to detect interstitial flow and 
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activate the FAK-ERK signalling axix. This activation results in the up-regulation of 
MMP expression. As mentioned in this review, MMP’s play a crucial role in collagen 
degradation and plaque remodelling.        
 
2.4 Techniques for Plaque Morphology Assessment 
2.4.1 Non-Invasive Imaging Techniques 
 
Multi-Spectrum MRI 
 
Multi-spectrum MRI provides a useful non-invasive tool for the study of arterial 
plaque morphology, and for plaque rupture assessment. The reliable characterization 
of plaque, especially the different plaque components can be achieved with different 
MRI scan sequences. It was first introduced in the late 1990’s as a research tool 
(Nelson et al 1995), and has now become a conventional method for monitoring 
plaque development (Hockings et al 2002). A normal scan of carotid MRI is 
performed using 3-inch bilateral surface coils (FOV, 10 x 10 cm; slice thickness, 2-
3mm). Image acquisition includes 3D TOF MR Angiography. T1-weighted pre- and 
post-contrast spin echo (T1W1), T2-weighted spin echo imaging (T2W1) and T1-
weighted fat saturated spin echo imaging. In sequence images, collagen tissue will 
appear as high signal intensity, while lipid tissue will appear as a darker contrast. 
However, the main limitations of using in vivo MRI to assess plaque are: (1) the 
spatial resolution is not adequate, and (2) the contrast between tissues is not clear. 
Therefore, it is still difficult to reveal thin fibrous caps with a thickness less than 
0.25mm. 
 
MRI can also be used to perform ex-vivo scans to study plaque specimens. Ex-vivo 
MRI has several advantages over in-vivo MRI as it can achieve a higher resolution 
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resulting in higher image quality. Ex-vivo MRI can also enable easier tissue 
characterisation of the different components of plaque (Xie et al 2010). 
 
Ultrasound  
Ultrasound (US) has the ability to image large arteries such as the carotid, brachial, 
iliac, and femoral arteries, by simply placing the ultrasound probe over the region of 
interest. B-mode ultrasound has the capability to accurately measure the arterial 
diameter, the thickness of the arterial wall, and can also permit a limited 
characterisation of plaque morphology. The arterial wall is the most reliable for the 
IMT measurements, but it does not indicate if the thickening is as a result of intima or 
media infiltration or hypertrophy. Nevertheless, there are a large number of studies 
that have demonstrated that the IMT may be a useful marker for cardiovascular 
disease progression (O’Leary DH et al, Hollander M et al). Doppler ultrasound is able 
to measure blood-flow velocity, and it can also be used to estimate the degree of 
luminal stenosis by detecting flow disturbances on the downstream side of large 
stenoses. The majority of ultrasound probes that are available commercially operate at 
3.5-10 MHz. The axial resolution on an ultrasound probe is usually less then 400µm, 
whilst the lateral resolution is about 600µm (Fayad ZA et al, Landini L et al). 
However, there has been advancements using radio frequency (RF)-data based 
algorithms which have enabled the automatic detection of vessel walls. With such 
algorithms, it has been possible to track the displacement of the vessel wall in time 
with an error of less than 10µm (Hoeks et al, Hiltawsky et al). Some of the key 
important advantages of using non-invasive ultrasound are the low economical cost, 
availability, the lack of side effects, and the short examination times. However, there 
are still many challenges with regards to coronary ultrasonography including 
measurement reproducibility problems for some applications. Nederkoorn et al 
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reported a sensitivity of 87% in diagnosing 70% to 90% stenosis versus <70% 
stenosis. Current ultrasound tissue characterization of different plaque components is 
still a developing area, and until now, the results have not been promising. However, 
non-invasive ultrasound (B-mode, M-mode, and echo-tracking) remains the standard 
imaging technique for patients that are suspected as having carotid artery disease.    
 
2.4.2 Invasive Imaging Technique 
Intra-Vascular Ultrasound (IVUS) 
Intravascular ultrasound (IVUS) provides real-time high resolution images of the 
coronary arteries. It is used as a diagnostic imaging tool to provide an accurate 
depiction of the morphology of an atherosclerotic plaque with a typical axial 
resolution of 80-100 microns, while the lateral resolution reaches 200-250 microns in 
a conventional IVUS system (20-40MHz) (van der Wall et al 2011). Recent 
developments in the post-processing of the IVUS raw signal have resulted in an 
enhanced method for defining plaque composition. IVUS is able to assess the severity 
of stenosis, calculate the vessel diameter, as well as determining the boundaries of the 
atherosclerotic plaque (McNeil et al 2003). There are numerous studies that can be 
found in the literature that demonstrates the usefulness of IVUS in evaluating the 
composition and development of an atheromatous plaque (Furukawa S et al 2011).  
 
Thermal Imaging 
Inflammation is one of the most important pathophysiological mechanisms which 
contribute towards plaque vulnerability, plaque disruption, and increased 
thrombogenicity (Vaina et al 2005). It is believed that the inflammatory process is 
associated with the generation of heat, and this has therefore made it possible to use 
intravascular measurements of temperature using a thermography catheter to quantify 
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the inflammation process. Ex-vivo studies have been carried out on carotid arteries 
for the thermal detection of cellular infiltrates in living atherosclerotic plaques 
(Casscells et al 1996). In a study that was carried using in-vivo experiments on 
coronary arteries, it was found that atherosclerotic plaques had a significantly higher 
heterogeneous temperature pattern compared with healthy arteries (Stefanadis C et al 
2003, Stefanadis C 2001), which enabled the detection of different locations with an 
inflammatory reaction. Furthermore, it was found that the temperature difference 
between plaque and normal healthy vessels was higher in patients who have an 
adverse outcome (Stefanadis C et al 2003). This second observation lead to the 
assessment of a cut-off temperature difference value, however, a larger scale study is 
needed to determine the optimum temperature cut off-level to enable the detection of 
vulnerable plaques (Madjid M et al 2006).  
 
Optical Imaging 
Optical Coherence Tomography (OCT) is an intravascular technique that utilises 
optical reflections of an infrared light source. From this it can be seen that this 
imaging modality can be described as being analogous to ultrasound, however the 
difference being the energy that is transmitted is in the form of infrared light rather 
than sound waves (Cilingiroglu M et al 2006). The infrared spectrum upon release is 
reflected from the vascular structures, analysed, and forms a cross-sectional image. 
The resolution that is attainable using OCT is in the range of 2-20 µm, and is 
currently the highest among all the imaging modalities available for coronary artery 
disease assessment. There are a number of factors that can affect the resolution range 
such as the complexity of the system and its transmission and analytic capabilities. It 
also depends whether the system is catheter based or not.  
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Further to the superior resolution that can be achieved using OCT, it also has the 
technical advantage of not having a transducer within the catheter, which enables the 
system to be very thin, and also easy to manipulate. Diameters as thin as 0.006 inches 
have been produced in imaging catheters (Nissen SE et al 2001). Another important 
advantage of OCT is the high image acquisition speed (4-8 frames per second) that 
can be achieved. The acquisition rate is almost that of video speed, and it therefore 
enables image reconstruction, and the analysis process is thus more accurate. 
 
2.4.3 Functional Imaging (Targeted Molecular Imaging) 
Nuclear imaging methods are based on non-invasive detection of radioactive radiation 
from isotopes introduced into the body. If these radionuclides are able to be 
conjugated with a tracer compound that has functional roles during the atherosclerotic 
process, functional imaging of atherosclerosis becomes possible. 
 
Due to the non-invasiveness of MRI, plaque progression and regression can be 
studied in experimental animal models and also in patients with suspected coronary 
artery disease. McConnell et al (1998) demonstrated lesion regression in cholesterol 
fed rabbits after withdrawal of the lipid diet. In comparison to these findings, Helft et 
al (2002) showed that plaque size and lipid core size continued to expand in animals 
that were continuously being fed high cholesterol diet. Johnstone et al (2002) 
demonstrated that it is possible to visualise thrombus formation using T2-weighted 
MRI. This review shows that the use of functional imaging could have many valuable 
applications for studying atherosclerotic development. An important application with 
regards to plaque rupture could be the analysis of inflammation. Atherosclerosis and 
its subsequent plaque rupture are widely recognised as being an inflammatory 
disease. The ability to visualise this would prove to be a valuable tool in plaque 
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rupture assessment. Matthias et al (1998) hypothesised that inflammation is reflected 
by signal changes in contrast enhanced MRI. They found that with the use of contrast 
media-enhanced MRI, it is possible to visualise the localisation, activity, and extent 
of inflammation in cardiac tissue. The use of this method may therefore have the 
possibility of being a powerful non-invasive diagnostic tool in assessing plaque 
rupture. Currently there are no diagnostic modalities that can detect precursory 
molecular or cellular events directly. Winter et al (2003) injected intravenously αvβ3-
targeted paramagnetic nano-particles to specifically detect the neovasculature. They 
found a 47±5% enhancement in MRI signals for angiogenesis detection. Histology 
and immunohistochemical verification confirmed the marked proliferation of 
angiogenic vessels within the aortic adventia, which was coincident with the 
proliferation among cholesterol fed diets in animal models. In comparison, a few 
incidences of neovasculature were found in control animals. Functional imaging 
using this form of molecular approach may provide a method for defining the burden 
and progression of atherosclerosis in vulnerable patients (Winter et al 2003).    
 
2.4.4 High Resolution Study 
Micro-CT 
Micro-computed tomography (CT) became an important powerful tool in the 
laboratory for investigators in recent years due to technical advances that were taking 
place with regards to increasing computer speed and memory. This enabled micro-CT 
systems to have the ability to generate thin-section of images of small specimens 
(Feldkamp LA et al 2004, Müller R et al 2004). The spatial resolution for a typical 
Micro-CT is approximately 48µm, (Kristanto et al 2011). Early investigators 
implemented the use of three-dimensional micro-CT, and primarily focused on the 
technical and methodological aspects of this system, however there have been other 
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studies which have concentrated on the practical aspects of the technology. Until 
recently, the technology has been implemented in the visualisation of the vasculature 
for the following areas: intact isolated rodent organs; myocardial, renal, and hepatic 
vasculature; and trabecular bone in surgical bone specimens. There are only a limited 
numbers of studies in the literature implementing the technology for analysing the 
vulnerability of atherosclerotic plaque rupture. A study by Langheinrich AC et al 
(2004) investigated the feasibility for analysis of coronary artery wall in autopsy 
specimens. The purpose of the study was to evaluate the feasibility of micro-
computed tomography (CT) for analysis of the coronary wall. They demonstrated that 
micro-CT is able to provide quantitative information about plaque morphology which 
can be equivalent to that of histological analysis. A hotelling T2 test showed 
significantly smaller values for vessel wall perimeter and lumen area with histology 
sections (p<0.001). However, the use of micro-CT for analysing plaque rupture 
vulnerability does have limitations. In the study, micro-CT was only able to visualise 
between structural features that had sufficient contrast material. However, to assess 
plaque vulnerability, it is important to understand the morphology of the plaque on a 
cellular level, in which case histology analysis has a clear advantage, nevertheless, it 
can still prove to be a useful tool when considered to be an additional tool for the ex-
vivo assessment of plaque rupture.      
 
Histology 
Conventional Wax Histology 
The application of histology for the assessment of atherosclerotic carotid plaques is 
routinely used for research purposes. The application of histology enables researchers 
to identify and analyse plaque components which are important in the study of plaque 
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development and vulnerability. Histology can be used to study many aspects of the 
atherosclerotic plaque including a) parameter size measurement; b) the localisation of 
specific cells or molecules; c) tissue structure and d) plaque model development for 
stress analyses purposes etc. A study carried out by Devuyst et al (2005) applied the 
use of histology to measure the thickness of the fibrous cap at different locations. The 
results were then compared with ultrasound cap thickness measurements to see the 
feasibility of ultrasound in distinguishing between symptomatic and asymptomatic 
plaques. An example of the application of histology for localising cells involved in 
atherogenesis was demonstrated by Kolodgie et al (2000). The study used antibodies 
to stain for macrophage cells and caspases 1 and -3 to identify localisation within the 
plaque. Further, the application of histology can be used to study the structure of 
plaque tissue to assess for its vulnerability. Whittaker et al (1994) used histology to 
investigate collagen structure in plaque using circularly polarised light. The study 
found a progressive increase in the maximum brightness of collagen fibres in the scar 
tissue (e.g. after a plaque rupture) with time. The study showed that the use of 
circularly polarised light has the ability to enhance the application of histological 
assessment of tissue, and is able to provide information regarding the structure and 
composition of plaque collagen tissue    
 
Frozen Section Procedure (Cryosection) 
This is a pathological laboratory technique used to perform rapid microscopic analysis 
of tissue specimens. This method can be applied to study the carotid arterial plaque 
and has been used in some studies. Lessner et al (2002) used cryosectioning to section 
the entire length of the carotid plaque at 140µm intervals. The study found that the 
growth of lesions are caused by macrophage-derived foam cells, which are derived 
primarily from the recruitment and proliferation of circulating precursors e.g. 
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monocytes, rather than from resident macrophages. The technique can also be used to 
study the distribution of lipid in plaque using Nile Red staining which is not possible 
using conventional wax histology (Lessner et al 2002). The advantage of using this 
technique over conventional histology is the rapid preparation time that can be 
achieved (10 minutes (cryosection) versus 16 hours (conventional histology)). 
However the quality of the sections in cryosection is by comparison of a much lower 
quality compared to formalin fixed, wax embedded tissue processing. In addition, it is 
much more difficult to perform compared to conventional histology, and therefore this 
technique will not be applied to this study. 
 
Antibody Staining 
Immunohistochemistry is the localisation of antigens in tissue sections by the use of 
labelled antibody as specific reagents through antigen-antibody interactions that are 
visualised by a marker such as a fluorescent dye, enzyme, radioactive element or 
colloidal gold. The first pioneers of the technique were by Albert H. Coons and his 
colleagues (Coon et al 1941). They were the first to be able to label antibodies with a 
fluorescent dye and use it to identify antigenic sites in tissue sections. Over time the 
technique of immunohistochemistry has expanded and developed to an advanced 
level, and the introduction of enzyme labels such as peroxidase and alkaline 
phosphatise labels have also been discovered, and used to identify 
immunohistochemical reactions at both light, and electron microscope level. 
Immunohistochemistry involves specific antigen-antibody reaction, and it therefore 
has apparent advantages over traditionally used special enzyme staining techniques 
that are only able to identify a limited number of proteins, enzymes, and tissue 
structures. Immunohistochemistry has therefore become an important technique, and 
is widely used in many medical research laboratories, as well as in clinical 
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diagnostics. There are many immunohistochemical techniques available to use to 
localise antigens. The selection of a suitable method should be based upon parameters 
such as the type of specimen under investigation, and the degree of sensitivity 
required. Yilmaz et al (2006) studied the distribution of immune cells in 
atherosclerotic carotid plaques. Immunohistochemical analysis was performed using 
CD34 to visualise the presence of neovascularisation and intraplaque haemorrhages, 
smooth muscle cells (SMC: actin), macrophages (CD68), T-Cells (CD3), dendritic 
cells (DC: fascin), and mature dendritic cells (CD83).  
 
2.5 Plaque Vulnerability Assessment  
2.5.1 General Structure Assessment 
 
The rupture of an atherosclerotic plaque is widely believed to be associated with 
plaque morphology, mechanical forces, vessel remodelling, blood conditions 
(cholesterol, sugar etc.), and lumen surface conditions (inflammation). Studies have 
highlighted that certain structural characteristics are linked with plaque ruptures; a) a 
large atheromatous lipid rich core; b) a thin fibrous cap; and c) weakening of the 
plaque cap. The quantification of plaque size, shape, and components (fibrous, lipid, 
calcification/inflammation) can be assessed with development in MRI techniques at 
the macro-scale level (Yuan C et al 2001). Efforts have been made to use ultrasound 
and intravascular ultrasound to quantify the motion of vessels, the mechanical 
properties, the structure of vessel walls, and also to predict the location of where a 
vulnerable plaque may rupture (Ohayon J et al 2001, Pedersen, P. C et al 2003). 
There are very few reports in the literature on the ability to measure the mechanical 
properties of plaque components in-vivo, which if possible, would be extremely 
beneficial (Chandran KB et al 2003).    
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A Group led by Professor Gillard JH at Cambridge University, have published many 
studies on assessing vulnerable plaque structure using MRI in recent years (Sadat et 
al 2011). The other major contributor on this field is a group at Washington 
University led by Professor Yuan. As pioneers of non-invasive assessment of 
vulnerable plaques, together, they have contributed the majority of the work in this 
specific field. By using Professor Yuan’s data, Professor Daling Tang’s group has 
performed a series of studies on plaque stress analysis (Yang C et al 2010). Similarly, 
our group at Brunel University has utilized the data from the group at Cambridge 
University to study plaque stress distributions for symptomatic and asymptomatic 
patients (Gao H et al 2009). The major limitation of this kind of study is the limiting 
spatial resolution of MRI which makes it difficult to reveal the fine details of fibrous 
cap thickness: one of the most important features of plaque morphology. In terms of 
stress analysis, the resolution in the longitudinal direction with a slice thickness of 
3mm, contributed to the major uncertainty in model generation. Therefore, the result 
will only provide a general view of plaque stress distribution. The results especially 
for the stress analysis may not be reliable for reflecting the variations of plaque 
morphology in fine details. 
 
2.5.2 Lipid Core Size 
The size of the lipid core is a fundamental feature in an atherosclerotic plaque which 
is present from the initial development, to the advanced stages. Lipid cores contain 
inflammatory cells which release proteins as well as other chemicals that can 
contribute towards making a plaque highly vulnerable.  The size of the lipid core is 
therefore an important feature to study in the vulnerability assessment of plaque 
rupture. Lipid cores normally have a large contrasting difference from the 
surrounding tissue in plaques in both MRI and ultrasound images. Also, due to its 
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generally large size, the imaging resolution will generate less impact on the 
assessment accuracy compared with fibrous cap thickness assessments. A study 
carried out by Ohayon et al (2008) investigated the change in plaque vulnerability as 
a function of lipid core size and plaque morphology. They found that lipid core 
thickness is more of a critical determinant to plaque stability rather than the area of 
the lipid core. The study demonstrated that plaque instability is to be viewed not as a 
consequence of a single parameter such as cap thickness, but as a combination of cap 
thickness and lipid core thickness. Associating the lipid core to other factors to 
determine stability has been an ongoing area of study by many research groups. 
Wasserman et al (2008) established using MRI that individuals with thickened carotid 
walls, have plasma total cholesterol more strongly associated with lipid core presence 
than other established coronary heart disease risk factors. The study showed that 
plaque vulnerability to rupture may be increased by high total cholesterol content. 
However, a major draw-back of the study was that individuals with wall thicknesses 
<1.5mm were excluded from the study because no cores were apparent in thinner 
walls, and smaller sized cores could be missed, which may result in findings that are 
not accurate representations of the population. Another study by Ota et al (2009) 
demonstrated by in vivo 3T MRI that haemorrhages and large lipid rich cores are 
independently associated with thin or ruptured fibrous caps. This is important in risk 
assessment of plaque rupture vulnerability because detection of lipid rich cores in 
plaques using 3T MRI may indicate, based on the results of this finding, that a thin 
fibrous cap is likely to be present, and therefore increase the likelihood of rupture and 
subsequent cerebral ischemic attacks.    
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2.5.3 Collagen Content 
In order to assess the strength of the fibrous cap, and also to see the current level of 
risk that it is at in terms of rupturing, it is important to look at the quality and quantity 
of collagen present. As previously mentioned in this review, human atherosclerotic 
plaques mainly consists of collagen types I and III, however when under microscopic 
analysis, dense type IV collagen depositions can usually be seen. This is in 
conjunction with a high level of smooth muscle cell localisation. The depletion of 
collagen in the fibrous cap is the detrimental effect of two factors. It can be firstly due 
to a high level of inflammatory infiltrates into the fibrous cap and secondly, due to the 
apoptosis of the collagen-producing smooth muscle cells. 
 
Many studies can be found in the literature that attempt to demonstrate the collagen 
content in plaque. Some studies have attempted this either using in-vivo (on animal 
model) or ex-vivo methods. In a relatively recent study, Seemantini K et al (2007) 
demonstrated that by using polarization sensitive optical coherence tomography 
(PSOCT) technology, they were able to measure the collagen content in 
atherosclerotic plaques ex-vivo. They found a high positive correlation between the 
PSOCT measurements of the birefringence properties of the collagen and the 
morphometrical measurements of the corresponding locations using picrosirius red 
staining and found significant result (r = 0.62, p < 0.001). Rich et al (2005) used a 
combination of picrosirius red staining, circularly polarised light, and hue analysis to 
demonstrate in ex-vivo that collectively it is able to provide a powerful tool for the 
structural analysis of collagen fibres. With further studies using this method, it may 
be possible to adapt the technique to quantify the collagen content. Using the video 
CCD system used by Seemantini K et al (2007), it could be used as a tool in plaque 
vulnerability assessment. An interesting study carried out by Hector et al (2010) 
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assessed changes in collagen maturation in plaques ex-vivo to determine its stability. 
The stability of collagen is achieved through the formation of dysfunctional, 
intermediate cross-links between adjacent collagen fibrils mediated by the action of 
lysyl oxidase. In vascular tissues they are pyridinium cross-links, pyridinoline (Pyd) 
and deoxypyridinoline (Dpd). The study determined whether it is possible to identify 
and measure differences in the mature pyridinium (Pyd and Dpd) cross-links in 
plaques. They found that there is an increased Pyd: Dpd ratio in plaques versus 
normal vascular tissue. This observed difference in cross-links in the plaque may 
adversely affect tensile strength. There have been very few previous studies that have 
performed this type of research, and therefore may be used to open new doors into 
plaque vulnerability assessment. Goncalves et al (2008) studied the association 
between elastin and collagen with levels of the cysteine protease inhibitor cystatin C 
in human carotid plaques ex-vivo, using densitometry of western blots for cystatin C 
levels, and colorimetrically the levels of collagen and elastin. They found that there is 
a positive correlation between cystatin C levels and collagen (r=50, p=0.004) and 
elastin (r=0.58, p=0.001) levels in plaques. This finding demonstrates that cystatin C 
may play an important role in maintaining atherosclerotic plaque stability, and may 
be used in plaque vulnerability assessments. An in-vivo study performed by Megens 
et al (2007) evaluated the collagen in apolipoprotein E-/- mice. A collagen marker, 
CNA35, conjugated with fluorescent Oregon green 488 (OG488), was injected 
intravenously into the mice subject. Two-photon microscopy was then used for 
imaging. The study found that atherosclerotic plaques in apolipoprotein E-/- mice 
exhibited large uptake of CNA35/OG488. Histology was used to confirm the affinity 
of CNA35 for type I, III, and IV collagen in the arteries. Currently, there is no 
technique available for the non-invasive human study of plaque collagen contents. 
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2.5.4 Inflammatory Markers (Macrophage) 
Inflammation plays an important role in the initiation, development, progression and 
complications of atherosclerotic vascular disease. It can therefore serve as a marker 
for plaque vulnerability assessment. An important inflammatory marker in the disease 
is macrophage cells. Macrophage cells play a key role in plaque rupture, and have 
therefore been the subject of many researches investigating their roles as markers in 
plaque vulnerability assessment. A vulnerability assessment study using macrophage 
cells as inflammatory markers was carried out by Shiomi et al (2001). They 
introduced a morphometric vulnerability index to quantify the level of plaque 
vulnerability. It was carried out by calculating the ratio of plaque area occupied by 
lipid components (macrophage and extracellular lipids) and by fibromuscular 
components (smooth muscle cells and collagen fibres). Tang et al (2008) 
demonstrated that there is an association between the degree of MR-defined 
inflammation, using ultra small super-paramagnetic iron oxide (USPIO) particles, and 
biomechanical stress, using finite element analysis (FEA) techniques, in carotid 
atherosclerotic plaques (p=0.009). USPIO particles have been shown to be taken up 
by macrophage cells 10-100 times more than other cells. However, due to the ethic 
issues of patient safety, this kind of study was not performed as common.  Ogawa et 
al (2004) investigated the relationship between the uptake of 18F-FDG and 
macrophages using PET imaging in Watanabe Heritable Hyperlipidemic (WHHL) 
rabbits. The study found significantly higher accumulation of 18F-FDG in WHHL 
rabbits than those in the control subjects. In addition they found a strong correlation 
between 18F-FDG uptake and the number of macrophages in WHHL rabbits (R=0.81). 
In conclusion the study showed that macrophages are responsible for 18F-FDG 
accumulation in atherosclerotic lesions. Although this study was performed using 
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animal models, it formed an important basis for future research on humans. Arauz et 
al (2007) investigated the detection of carotid plaque inflammation by 18F-FDG and 
PET, as used in the previous study by Ogawa et al (2004), however on human 
subjects. Arauz et al (2007) showed that variable degrees of inflammation in carotid 
plaques could be assessed in vivo by means of 18F-FDG and PET as a strong 18F-
FDG uptake was seen in 85% of carotid lesions studied. The study also showed that 
there was a significant correlation between 18F-FDG uptake and the degree of ICA 
stenosis detected by angiography. Rudd et al (2007) further validated the potential 
clinical use of this method by testing the near-term reproducibility of 18F-FDG-PET 
imaging of atherosclerosis. Rudd et al (2007) showed that spontaneous change in 
plaque 18F-FDG uptake is low over 2 weeks, and has favourable inter- and 
intraobserver agreement. Due to the poor spatial resolution, this technique cannot 
provide the detailed local distribution of macrophages in a plaque, but it can provide 
background information. These studies show the extensive work carried out on plaque 
vulnerability assessments using inflammatory markers, and the potential clinical 
benefit which can be derived from it.      
 
2.5.5 Stress 
It is generally believed that maximal stress conditions may have a link to plaque 
rupture, and can be used for the vulnerability assessment of plaque (Hackett D et al). 
There are several factors that may influence the stress distributions in an 
atherosclerotic plaque including a) blood pressure; b) geometry of the plaque and 
vessel; c) plaque structure; and d) the material properties of the different plaque 
components. However, currently it is not possible to measure directly, either in vivo / 
ex-vivo, plaque mechanical stress. The information of plaque stress distribution was 
generated by a large number of computational studies based on anatomically realistic 
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model reconstructed from MRI images or histology images.  Our research group in 
Brunel University plays an important role in plaque stress analysis both in-vivo and 
ex-vivo. Stress analysis based on MRI measured plaque morphology, can provide a 
guideline for plaque stress distribution in-vivo. However, due to the limited image 
spatial resolution of MRI, the simulation model can only identify the general features 
of a plaque. The detailed fibrous cap information, especially local collagen density, is 
currently not obtainable. One of the major research objectives of this PhD project is to 
generate plaque geometry at microscopic levels of precision, to assess the accuracy of 
the results of stress analysis based on MRI images. 
 
2.6 Summary 
The literature review has focused largely on the current understanding in plaque 
morphology, the hypothesis of plaque rupture mechanisms, the application of 
different techniques to conduct researches, and in plaque vulnerability assessment. It 
can be briefly summarized as: 
• The development of an atherosclerotic plaque is best described by a 
classification system developed by Stary et al (1992) which categorises 
lesions into 8 different types; type I to VIII, each varying in its morphology 
and developmental stage.  
• The morphology of atherosclerotic plaques has been extensively studied at 
both macro-level and at the molecular level.  
o At the macro-level, studies have indicated the important role played by 
collagen in both plaque growth and in maintaining the structural 
integrity of the plaque. The fibrous cap which overlays the necrotic 
core has been widely investigated and has been shown to be infiltrated 
with inflammatory cells which degrade the collagen making it prone to 
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rupture. Also at the macro-level, the size of the lipid core has been 
assessed, and the impact of lipid core to plaque rupture has been 
studied.  
o At the molecular level, complex inflammatory pathways are present 
which influences both the development and progression of the disease. 
Extensive research has therefore been performed on inflammatory 
cells and proteolytic enzymes such as macrophages and MMP’s 
respectively.  
• Plaque morphology assessment can be performed either in-vivo or ex-vivo. 
For in-vivo methods, assessment has been carried out by using high resolution 
MRI; Ultrasound; Thermal imaging; Optical imaging; Optical coherence 
tomography; and functional imaging techniques. For the ex-vivo assessment 
of plaque rupture, studies have been carried out using MRI; 3D Ultrasound; 
Micro-CT; and by histological methods including conventional waxing and 
antibody staining techniques.  
 
2.7 Research Hypothesis 
 
The review also raises important fundamental questions and problems. Previous 
studies assessing plaque morphology at the microscopic level generally focused on a 
few transverse planes of a plaque specimen. However, the longitudinal variations of 
the plaque morphology also play an important role in plaque structure integrity. It has 
also been identified that previous studies were either analysing the collagen, lipid core 
size, or assessing inflammation of the plaque, but rarely combining these together. 
The following hypothesis are therefore proposed in the present study;-   
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1. If differences in plaque morphology are related to rupture vulnerability, then 
there may be a morphological difference between ruptured and non-ruptured 
atherosclerotic carotid plaques. 
2. If there are differences in blood flow variations between the upstream and 
downstream regions of a plaque, which can influence gene expression and 
cellular function, then plaque morphology may vary longitudinal between 
rupture and non-ruptured plaques. 
3. If macrophages in plaques release proteolytic enzymes which act to degrade 
collagen causing them to be more prone to rupture, and if there are blood flow 
variations in the upstream and downstream regions, then ruptured plaques may 
have a higher frequency of macrophages compared to non-ruptured plaques, 
and there may be variations in the different regions between the two groups. 
4. Using ex-vivo ultrasound imaging techniques to scan plaque morphology may 
improve current risk assessment procedures on plaque rupture. 
5. A combination of histology, ultrasound, FEM, and 3D modelling techniques 
may provide a solution to using high resolution analysis of plaque morphology 
to improve the clinical assessment of vulnerable plaques.  
 
2.8 Aims and Objectives  
A large amount of researches were performed in recent years investigating the 
mechanisms of rupture in order to derive indices on more accurate predictions of the 
rupture risk of a specific vulnerable plaque. Morphological studies of vulnerable 
plaque are the major source of information for our understanding of the problem. 
However, most plaque morphological studies were based on just several histology 
sections on plaque regions (Fagerberg et al 2010). There are rarely studies which 
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systematically analyse the morphological variation of a plaque along its longitudinal 
length with fine intervals between histology sections (Coombs B et al 2001). Due to 
the highly heterogenic nature of the distribution of plaque components, the results 
obtained from these studies may not reflect an accurate account of the plaque’s 
morphology. Furthermore, the links between local biological activities, plaque 
morphology, and its dynamic environment (stress loading), were generally not 
included, and which would influence our understanding of rupture mechanisms.  
 
Aim: The primary aim of this study is to therefore improve the understanding of the 
relationship between plaque morphology and rupture risk. The other aim of this study 
is to apply the information obtained and the technique developed in the first part to 
provide a solution using high resolution analysis of the plaque morphology, and to 
improve the clinical assessment of vulnerable plaques.  
 
The main objectives to achieve the aim can be broken down as the following: 
(a) To study plaque morphology at the micro-level and compare the morphology 
between the ruptured and non-ruptured plaques.  
(b) To study the plaque macrophage content to determine its relationship with the 
morphology and compare between ruptured and non-ruptured plaques.  
(c) To combine the findings from the plaque morphology analysis in (a), with the 
plaque geometry obtained from ultrasound assessment to reconstruct a high resolution 
patient-specific 3D-plaque model for plaque stress analysis purposes. 
(d) To study the feasibility of using ex-vivo 2D ultrasound for plaque tissue 
characterisation to improve the risk assessment of vulnerable plaques. 
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Chapter 3 
 
Methodology Development 
 
 
This chapter will describe and analyse the methods and techniques used to conduct 
the present study. It will demonstrate in detail the procedure and highlight the 
scientific background behind it. The following chapters will then focus on the results 
and the findings of the specific researches, with a brief mentioning of the common 
methodologies. The techniques that were used for the specific parts of the study will 
not be introduced in this chapter, but will be described in the relevant chapters.  
 
 
3.1 Histology 
 
Histology is the study of the microscopic anatomy of cells and tissues of plants and 
animals, and has its first roots in the seventeenth century. It is carried out by 
examining a thin slice or section of tissue under a light microscope or electron 
microscope. The use of histological stains enhances the ability to visualise or 
differentially identify microscopic structures. Histology is an absolutely crucial tool 
of biology and medicine. The general steps that are involved in a typical histology 
process are 1) chemical fixation with formaldehyde or other chemicals; 2) tissue 
processing – dehydration, clearing and infiltration; 3) wax embedding; 4) sectioning; 
and 5) staining. In the present study only the paraffin wax histology technique will be 
discussed, with no reference being made to frozen section histology (cryosection).   
 
3.1.1 Tissue Processing 
Before histology analysis takes place, the tissue specimen is required to be prepared 
for the procedure, which includes tissue fixation and dehydration.  
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Fixation: The specimen is washed thoroughly (approximately 4 times) in saline 
solution (0.9% NaCl). Samples are then placed and stored for fixation in a 20 ml 
solution consisting of 3.7% formaldehyde (18ml of distilled water and 2ml of 37% 
formaldehyde). The specimens are required to be kept in this solution for at least 4 
days for full fixation to be completed. Once completed, the specimens can then be 
stored indefinitely for future uses, and will resist any degree of decomposition. The 
principle behind tissue fixation is for stabilisation, and is important for this type of 
anatomical study of biological tissue. To achieve stabilization, the decomposition 
caused by tissue enzymes (decay) must be arrested. Formaldehyde is a chemical 
fixative whereby 4% formaldehyde gas is dissolved in water or a buffer. This 
moderately toxic agent immediately starts to penetrate the tissue in the specimen and 
forms cross-link bonds between proteins, and inhibit enzymatic degradation. In 
addition, the cross-links between proteins harden the tissue. The problems that can be 
associated with formalin-fixation are the delay in the fixation, and the variations in 
the duration of the fixation. However, these can be resolved by starting the fixation 
immediately after surgical removal of the tissue (<30 minutes). 
 
After removal from the formaldehyde solution, the specimen is then gently placed 
onto a clean ceramic tile to allow it to air dry for approximately 5 minutes. The fine 
edge of a scalpel is then placed on to the surface of a special tissue marking dye and 
then used to literally touch the surface on the specimen. Three of these tissue marking 
dye lines are made on the same specimen, in order to maintain the 3D orientation for 
each transversal 2D sections.  
 
The specimen is then cut into 5mm segments along the longitudinal direction. 
Photographs of the specimen were taken on each end of the segment with the tissue 
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marking dyes. Each of the 5mm segments are then placed into tissue processing 
cassettes (figure 3.1(a)), and labelled with a block number to maintain the correct 
longitudinal sequence. The cassettes are then placed into a jar of saline (NaCl 0.9%), 
and transported to the tissue processor (figure 3.1(b)). This is an automated process to 
replace the water in the tissue by liquid paraffin wax. During the tissue process, the 
tissue processing cassettes are immersed in a series of progressively higher 
concentrated solutions of ethanol (IMS), to dehydrate the tissue, followed by xylene, 
and then finally hot liquid paraffin wax. A normal procedure can be as follows: 
 
START: Histoclear  70% IMS  95% IMS  100% IMS  100% IMS  100% 
IMS Histoclear  Liquid Paraffin Wax: END  
 
This procedure takes overnight to be fully completed. During this 12 to 16 hour 
process, the liquid paraffin wax will replace the water in the tissue, turning it from an 
originally soft, moist tissue, into a sample that is homogeneous with paraffin wax. 
This enables a scaffold to form within the tissue at the cellular and extracellular 
matrix level, and therefore allows the sample to be sectioned into thin slices. 
Inadequate tissue dehydration prior to paraffin wax embedding may cause problems 
during the scaffold formation, which can be resolved by preparing the solutions 
freshly on a regular basis, depending on the volume of tissue processed. Generally, 
10% shrinkage of the tissue volume can be expected after the dehydration process. 
The degree of shrinkage is different between different tissues. A post-processing 
image registration technique developed in this study known as finite element 
modelling may partially correct this non-linear structure distortion. Chapter 6 will 
provide a detailed description of the method. 
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 (a) Tissue processing cassettes       (b) Tissue processor  
 
Figure 3.1 Image of the (a) tissue processing cassettes containing segments of 
tissue which are then placed in to the (b) tissue processer  
 
3.1.2 Wax Embedding 
 
After the dehydration process, the histology cassettes (figure 3.1(a)) containing the 
specimens are removed from the tissue processor (figure 3.1(b)). They are then placed 
directly into the wax dispenser, which holds the molten wax at a thermostatically 
controlled temperature to perform the wax embedding. This wax dispenser would 
have been previously switched on, and left for approximately an hour so that the wax 
is in a molten form. A wax mould, filled two thirds with liquid wax is used. The 
specimen from the cassette is removed and then slowly placed into the wax mould 
containing the liquid wax, and at the same time, maintaining the correct orientation as 
shown in figure 3.2. Once it has slightly cooled (this is known when a thin skin is 
formed on top of the liquid wax), and the specimen is fixed at its location, the wax 
mould is then filled with liquid paraffin wax, and covered with the lid of the cassette. 
Further liquid paraffin wax is then poured on top of the lid of the processing cassette. 
It is then placed on a cold tray to cool and solidify, and then placed overnight in a 
cold room.  
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Figure 3.2 Specimen embedded in liquid paraffin wax 
 
 
3.1.3 Sectioning 
 
A bucket filled with ice is used to transport the wax blocks from the cold room to the 
microtome. The wax blocks are kept face down on the ice to maximise cooling. A 
sharp blade or scalpel is used to remove the wax surrounding the internal perimeter of 
the wax mould, to enable the histology cassette with the attached wax block 
containing the specimen to be removed from the metal wax mould easily. Once the 
wax mould has been detached, the wax block that is attached to the cassette is cut into 
a shape where there is no unnecessary wax surrounding the specimen. The wax block 
is usually cut into a diamond shape. This is done to prolong the life of the blade on 
the microtome. Once cut, the wax blocks are placed face down on the ice tray for 
cooling, ready to be sectioned.  
 
Sectioning Procedure: 
 
1. The wax block is carefully secured onto the microtome. The cutting thickness 
is initially set at 30 microns so that the excess wax can be quickly removed. 
After removal of the excess wax, the specimen is reached. This is known once 
sections of tissue start to appear in the wax strips. The sectioning thickness on 
the microtome is then reset to 6 microns. 
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2. The wax block is then sectioned by generating a ribbon which contains 5 
tissue sections that are each attached to one another. The ribbon is gently 
placed using a set of tweezers in to a water bath. It is then separated into its 
individual components using the tweezers. APES coated microscope slides are 
used to gently pick up the individual segments and are then kept aside.  
3. The microtome is then reset to cut at a thickness of 30 microns, and is applied 
to the subsequent 30 sections. This segment of tissue is discarded, and the 
microtome is then reset to section at 6µm thicknesses to enable the subsequent 
ribbon (containing the 5 sections) to be generated. 
4. Steps 2 to 3 were repeated until the end of the wax block was reached. 
 
This procedure will provide 5 sections representing the same longitudinal location (or 
a station) with a 0.9mm interval between the stations. To perform high resolution 
tissue analysis for certain cases, the length of the tissue segment that is discarded, was 
reduced to obtain tissue sections at shorter longitudinal intervals along the length of 
the plaque for detailed analysis of the specimen. The slide is then labelled and placed 
onto the hotplate for drying. For the 5 sections, one was stained using hematoxylin 
and eosin (H&E) for general morphological analysis; two were stained with 
picrosirius red and counter-stained with hematoxylin for collagen analysis; the forth 
was stained with CD68 for macrophage analysis, and the fifth section was reserved 
for future use. The figure below (figure 3.3) shows the microtome that was used for 
this investigation. 
 
Water Bath Condition  
Paraffin wax sections cut using the microtome were floated onto a warm water bath 
set at a temperature of 37ºC to allow it to stretch and remove any creases. An aim of 
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the present study is to detect fibrous cap rupture at specific sections, it is therefore 
important to ensure that a fissured fibrous cap is not caused by histology processing 
(or artefact). The control of the water bath condition for the stretching is crucial to 
avoid any of these artefacts. Initially, to provide an optimum stretch of the section, a 
water bath mixed with alcohol was used. However, this resulted in large amounts of 
collagen fibre damage. When the alcohol was removed from the liquid in the water 
bath, there was no further damage. The other possible factor which may cause over 
stretching or damage of the section is the water bath temperature. To ensure the water 
bath temperature was calibrated correctly, a test was performed to validate this, and it 
was found to be reliable. In addition, the test results also showed that paraffin wax 
sections will not overstretch unless the water bath temperature is above 60ºC. Further 
details of which can be found in the appendix (2.0).   
 
 
 
 
 
 
 
 
 
Figure 3.3 Image of a microtome 
 
3.1.4 Apes Coating Slides 
 
To prevent histology sections from washing-off the microscope slides, due to the 
harsh treatments that are encountered during the staining process, the microscope 
glass slides are coated with 3-AMINO PROPYL TRIETHOXYSILANE (APES) to 
make it positively charged and adhesive to the tissue sections (figure 3.4). To perform 
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this procedure the microscope slides are placed in a rack (approximately 50 at a time) 
and are immersed in a series of 4 solutions. 
• 90% IMS  for 5 minutes 
• 3% 3-AMINOPROPYLTRIETHOXYSILANE for 30 seconds 
• Acetone   for 1 minutes 
• Distilled Water  for 1 minutes 
 
3.1.5 Staining Protocols of Paraffin Wax Sections 
 
A rehydration process is required to be performed before staining the sections. The 
different IMS solutions used require constant changing to enable the quality of the 
solutions to be kept at an optimum level, to ensure the rehydration and dehydration 
process are carried out effectively. If a stain is constantly used to stain tissue, particles 
of artefacts may remain afloat within the staining solution and cause disruption to the 
final image quality. To prevent this from occurring, stains are filtered through a 
special filtering system so that the quality is maintained. Staining can be carried out 
on sections that have been processed by chemical fixation. The aim of the staining 
procedure is to reveal the cellular components, and the counter-stains are used to 
provide contrast.  
 
Hematoxylin and Eosin (H&E) Staining 
The hematoxylin and eosin staining process is composed of two parts. Firstly, the 
hematoxylin component colours the basophilic structures with a blue-purple hue. The 
basophilic structures are usually structures that consist of nucleic acids, such as 
ribosome’s, chromatin rich nucleus, and the cytoplasmic regions rich in RNA. The 
molecular structure of a hematoxylin molecule is shown below in figure 3.4. 
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Figure 3.4 Molecular structure of a hematoxylin molecule 
 
The alcohol-based acidic eosin component colours the eosinophillic structures bright 
pink. Eosinophillic structures are generally composed of intracellular and extracellular 
proteins. Examples of eosinophillic structures include Lewy bodies and Mallory 
bodies. Lewy bodies are abnormal aggregates of protein that develop inside nerve 
cells in Parkinson’s diseases (PD) and Alzheimer’s disease (AD), and some other 
disorders. Mallory bodies are inclusions found in the cytoplasm of liver cells and are 
classically found in people suffering from alcoholic liver disease. The majority of 
cellular cytoplasm is composed of an eosinophillic nature. Red blood cells for 
example are stained intensely red. Structures do not necessarily have to be either 
acidic or basic to be termed basophilic or eosinophillic. The terminology used is based 
upon the affinity to the dyes. The molecular structure of an eosin molecule is shown 
below in figure 3.5. 
 
 
Figure 3.5 Structure of an eosin molecule 
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Staining Procedure: 
1. Pre-processing: The slides containing the paraffin sections were firstly 
placed in a slide holder (glass or metal). The slide holder is then immersed in 
xylene for 10 minute to deparaffinise the sections.  
2. Re-hydration: The slides need to be re-hydrated, and are placed in 100% 
IMS for 5 minutes, 90% for IMS 2 minutes, and 70% for IMS 2 minutes.  
3. Hematoxylin staining: The slides are placed in distilled or de-ionised water 
for 5 minutes, and then in Hematoxylin for 5 minutes. Following this, the 
slides are then immersed in acid alcohol for 2-3 seconds to differentiate the 
tissue section from its background by removing any hematoxylin from the 
slide adhesive to produce a clear transparent background. The slide holder 
containing the sections is then run in cold water for 5-10 minutes until the 
sections were blued, and to allow the stain to develop.  
4. Eosin staining: Sections are then counter-stained with eosin for 2 minutes.  
5. Dehydration: The section finally has to be dehydrated in 90% IMS for 1 
minute, 100% IMS for 1 minute, and then 2 changes of xylene for 2 minute 
and 7 minutes respectively for clearing. 
6. Applying cover-slip: A drop of a xylene based mounting medium is placed 
onto the slide using a pipette, and is performed without leaving any air 
bubbles. The cover slip is then gently placed onto the slide. The xylene based 
mounting medium is allowed to spread beneath the cover slip, covering the 
entire tissue section.  
 
Van Gieson 
 
Van Gieson stain is composed of a mixture of picric acid and acid fuchsin. This 
staining method is used for the differential staining of collagen and other connective 
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tissues. It was first discovered by Ira Van Gieson. The formula for making the Van 
Gieson stain is by adding 100mL of saturated aqueous solution of picric acid to 5mL 
of 1% aqueous solution of acid fuchsin. When acid fuchsin is used in conjunction 
with picric acid, it produces the Van Gieson stain which demonstrates the collagen 
fibres in a red colouring.  
 
General Procedure: 
After the conventional deparaffinise and re-hydration steps as described in the H & E 
staining:  
3. H-stain: The slides are immersed in 0.1M HCL for 1 minute and then in the 
Hematoxylin stain for 20 minutes followed by a wash in cold running water 
for a further 5 minutes.  
4. Van Gieson: The sections are then placed in de-ionised water and then 
stained with Van Gieson for 5 minutes. Following this, the sections are 
washed in a beaker of solution that contains water and a few drops of 0.1 
HCL. The sections are then rinsed in 90% alcohol for 3 minutes before it is 
dehydrated.  
It is then followed by the conventional steps of dehydration and cover-slip application 
as described in the H & E staining procedure. 
 
Picrosirius Red with Hematoxylin 
Picrosirius red staining is another method to reveal collagen structure in tissue. 
Viewed under polarised light microscopy, the picrosirius red staining provides an 
improved differentiation of collagen structure from the other structures. In addition, it 
can provide collagen fibre orientations. In certain cases, it can distinguish between the 
different types of collagen. Picrosirius red staining was first discovered in 1979 by L. 
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C. U. Junqueira (Junqueira et al 1979). It is a strong anionic dye which reacts with 
collagen via its sulphonic acid groups, the basic groups present in the collagen 
molecule. Picrosirius red is an elongated molecule that attaches to the collagen fibres 
in a way that enables their long axis to be parallel. It is this basis of a parallel 
relationship that results in its birefringence properties. Studies (Junqueira et al 1979) 
have shown that there is an increase of at least 700% in the light intensity due to the 
birefringence of the collagen stained by picrosirius red, when compared to control 
slides that have only been stained with saturated picric acid. 
 
The staining procedure is similar to the H & E staining for steps 1, 2 (re-dehydration) 
and steps 5 and 6. The difference in the Van Gieson procedure is; 
3. The slides are placed into the picrosirius red stain for 1 hour, before being 
rinsed in cold running water for 2 minutes. 
4. It is then counterstained with hematoxylin for 1.5 minutes. The slides are 
rinsed in cold running water for 5 minutes, and then immediately immersed in 
acid alcohol for 3 seconds, before being placed in cold running water for a 
further 4 minutes. 
To reveal the fibrous structure of collagen, sections stained with picrosirius red are 
required to be examined under polarised light microscopy (see section below).  
 
Polarised Light Microscopy 
Light is an electromagnetic radiation with its electric and magnetic components 
oscillating at right angles to each other, and also in the perpendicular direction of its 
wave propagation. When the directions of oscillation are brought into order, the light 
is defined as being of a polarised nature. A linear polarizer is a device that operates 
by dichroism. Apart from the components laying on the direction of the smallest 
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absorption, the linear polarizer absorbs to a much greater degree all the components 
of the electric wave field. As a result of this, only one direction of oscillation passes 
through it, and the light that emerges from the polarizer is known as linearly 
polarized.  
 
A microscope equipped with a pair of special lens, which is able to reveal the 
presence of collagen, is called a polarised light microscope. The lens at the bottom is 
called a polarizer and the second lens is called an analyser (figure 3.12). The polarizer 
and analyser are arranged with their polarizing axis to be perpendicular. Therefore, no 
light can be seen from analyser if there is nothing in between them. 
 
Figure 3.6 Configuration of a light polarizing microscope 
 
The microscope slides stained by picrosirius red was placed on the circular rotating 
stage between the two lenses, and subjected to polarised light. The birefringence 
properties of the stained collagen fibres changes the electric oscillation angle, which 
results in enhanced light passing through the analyser, and an enhanced structure 
being seen.  
 
The image is captured digitally on a SP-300 Olympus camera. By adjusting the slides 
orientation, tissues with birefringence properties such as collagen structures were 
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visible. Figure 3.7 shows a histological transverse cross-section stained with 
picrosirius-red under a normal microscopy set up (a), with the corresponding image 
captured as a polarised light image (b). This birefringence behaviour confirms the 
presence of normal non-degraded collagen.  
 
 (a)            (b) 
Figure 3.7 Panel (a) picrosirius red stained transverse cross-section of an 
atherosclerotic plaque; panel (b) the corresponding image captured under 
polarised light 
 
3.1.6 Staining Protocols of Immunohistochemistry 
 
In comparison to conventional histology analysis which reveals the general tissue 
structures, immunohistochemistry or IHC is able to provide the distributions of a 
specific type of tissue component in the section accurately. IHC is a process in which 
antigens are localised on cells of a tissue section using the principles of antibodies 
binding specifically to antigens in biological tissues. The procedure is used in basic 
research to understand the distribution and localisation of biomarkers and 
differentially expressed proteins in different parts of a biological tissue. The antibody-
antigen interaction can be visualised in a number of ways. One of the ways is when 
the antibody is conjugated to an enzyme such as a peroxidase. This enzyme can 
catalyse a colour producing reaction that enables the site of the antibody-antigen 
reaction to be visualised. Alternatively, the antibody can be conjugated to a 
fluorophore such as fluorescein.   
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Antibodies used to detect specific antigens can be either of two types; polyclonal or 
monoclonal. Monoclonal antibodies have a greater degree of specificity in the 
antigens that they bind. Polyclonal antibodies are generated by injecting animals with 
a peptide (Ag). After this has been injected, it results in the stimulation of a secondary 
immune-response which causes an array of antibodies to be produced. This is then 
isolated from the whole serum. From this it can be seen that polyclonal antibodies are 
a heterogeneous mix that are able to recognise a wide variety of epitopes. Antibodies 
can also be categorised into two different types; primary or secondary reagents. 
Primary antibodies are generated against an antigen of interest and are in most cases 
un-conjugated or unlabelled. Secondary antibodies are generated against primary 
antibodies. The concentration of the protein can be measured by densitometry 
analysis where the intensity of the staining is correlated with the amount of the 
protein of interest. 
 
The immunohistochemical detection of antigens in tissue can be carried out using 
either the direct method or the indirect method. In both cases, many antigens need to 
be unmasked as it can make the difference between whether staining takes place or 
not. The direct method is a one-step staining method, and is carried out using a 
labelled antibody (e.g. FITC conjugated antiserum), which reacts directly with the 
antigen of interest in the tissue sections as shown in figure 3.8. The direct method 
only requires the use of a single antibody and is therefore very simple to implement. 
However, the quality of the result can be reduced by the lack of sensitivity due to low 
signal amplification, and it is therefore not commonly used in laboratory practices.  
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Figure 3.8: Demonstrates the detection of tissue antigen using the direct method 
 
The indirect method involves an unlabelled primary antibody (first layer) which binds 
to the tissue antigen, and then a secondary labelled antibody (second layer) which 
binds with the primary antibody (first layer) as shown in figure 3.9. Compared with 
the direct method, the in-direct method is more sensitive due to the signal 
amplification caused by numerous secondary antibody reactions with different 
antigenic sites that are found on the primary antibody. The secondary antibody or the 
second layer is usually labelled with a fluorescent dye or an enzyme. Most 
commonly, the secondary antibody is conjugated with a Streptavidin-horseradish 
peroxidase. This enzyme reacts with 3, 3’-Diaminobenzidine also known as DAB to 
produce a brown colouring wherever the primary-secondary antibody interaction has 
taken place. Another advantage of the indirect method is that only a small number of 
standard conjugated secondary antibodies are needed to be generated. For example, a 
secondary antibody that has been labelled, and has been raised against rabbit IgG can 
be used with any primary antibody that has been isolated from rabbit. The direct 
method, however, requires custom made labelled antibodies for every antigen of 
interest and is less cost effective. 
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Figure 3.9 Demonstrates the detection of tissue antigen using the indirect method 
 
Based on the scientific background for the two methods and its associated benefits, 
the present investigation used the indirect method for the analysis, as it has a higher 
level of sensitivity. 
 
Macrophage Antibody Staining 
 
Immunohistochemical techniques are used in this study to investigate the distribution 
of macrophages in advanced plaque. Intra-plaque macrophages are normally derived 
from blood-monocytes. Blood monocytes are young cells that have migratory, 
chemotactic, pinocytic and phagocytic activities. They also possess receptors for IgG 
Fc domains (FcR) and iC3b complement. Upon migration into tissues, monocytes 
undergo a process of differentiation to become multi-functional tissue macrophages.  
 
For research purposes, it is important to differentiate cells of the 
monocyte/macrophage lineage. There are a wide range of human antibodies that are 
available to localize the different sub-population of macrophages in tissues of human 
origin (Waldo et al 2008). Some important antibodies available for staining human 
macrophage include AIF-1, CD163, CD68, Clone YTH 8.18, Clone MAC387, Clone 
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RFD7, Clones PM-2K, X-4 and X-14. Each antibody stains for a specific lineage of 
differentiated monocyte/macrophage cells. For example the CD163 antibody is a 
membrane glycoprotein on human monocytes and macrophages which is expressed in 
the intermediate and late phases of inflammation. The antigen is also a member of the 
scavenger receptor family. Clone YTH 8.18 is reactive with all tissue macrophages, 
binding to a cytoplasmic epitope. In peripheral blood the antibody stains all 
granulocytes and around 50% of monocytes, however it does not stain osteoclasts or 
Langerhans cells.  
 
For this study, CD68 antibodies are used to stain for the macrophage lineages found 
in human atherosclerotic plaques. The CD68 macrophage antibody used in this study 
is a 110-kd transmembrane glycoprotein of unknown function, and which is highly 
expressed by human monocytes and tissue macrophages. This macrophage marker is 
also expressed in monocytes and epidermal dendritic cells. It is a selective marker for 
human myeloid cells. The CD68 antibody is also a haematopoietic differentiation 
marker of the monocyte-macrophage lineage. Further to this, it is a specific oxidised-
low density lipoprotein (Ox-LDL) binding protein in human monocyte-derived 
macrophages.   
 
Prior to the CD68 macrophage antibody staining, the paraffin histology section is 
required to be subjected to a proteinase K treatment procedure. This is because during 
tissue fixation, using the formaldehyde solution, protein cross-links are formed that 
mask the antigenic sites in the tissue. Therefore any immunohistochemical detection 
of certain proteins would result in weak or false negative staining. The proteinase K 
solution breaks the protein cross-links, and exposes the antigens and epitopes in fixed 
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tissues resulting in the enhancement of the staining intensity of antibodies. After this 
step has been carried out, the following step can then be performed.   
 
Endogenous peroxidise activity was neutralised by using the Novocastra Peroxidase 
Block. This was followed by the application of the Novocastra Protein Block to 
reduce the non-specific binding of primary and polymer. The section was 
subsequently incubated with the optimally diluted primary antibody (CD68). The 
Novocastra Post Primary Block was used to enhance the penetration of the 
subsequent polymer reagent. The Novolink Polymer recognises both mouse and 
rabbit immunoglobulin’s, it detects any tissue bound primary antibody. Sections were 
then further incubated with the substrate /chromogen, 3, 3’-diaminobenzidine (DAB), 
prepared from Novocastra DAB Chromogen and Novolink DAB Substrate Buffer 
(Polymer). The reaction with the peroxidase produces a visible brown precipitate at 
the antigen site of the macrophage as shown in figure 3.11. The sections were then 
counter-stained with Novocastra Hematoxylin and coverslipped.  
 
The following steps were carried out for the CD68 macrophage antibody staining:- 
1. Sections cut and mounted onto slides coated with a tissue adhesive (APES) 
2. Sections were de-paraffinised in xylene 
3. Sections rehydrated through graded alcohol 
4. Slides washed in running tap water 
5. Antigen retrieval 
6. Slides washed in de-ionised water 
7. Endogenous peroxidase neutralised using peroxidase block (5 minutes) 
8. Washed in TBS for 2 x 5 minutes 
9. Incubated with protein block for 5 minutes 
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10. Washed in TBS for 2 x 5 minutes 
11. Incubated with optimally diluted primary antibody (15 minutes) 
12. Washed in TBS for 5 minutes 
13. Incubated with Post Primary Block for 35 minutes 
14. Washed in TBS for 2 x 5 minutes 
15. Incubated with NovolinkTM Polymer for 35 minutes 
16. Washed in TBS for 2 x 5 minutes with gentle rocking 
17. Peroxidase activity developed with DAB working solution for 5 minutes 
18. Slides rinsed in water 
19. Sections counterstained with hematoxylin 
20. Slides rinsed in water for 5 minutes 
21. Sections were dehydrated, cleared, and mounted. 
 
3, 3’-Diaminobenzidine (DAB) Solution 
A key stage during the CD68 staining procedure is the DAB working solution 
preparation. Since DAB is a major step in the protocol to produce the brown colour 
and in the final staining quality; it is therefore mentioned here the detailed steps 
involved in generating the solution and its chemical composition.  
 
3, 3’-Diaminobenzidine (DAB) is an organic compound and is a derivative of 
benzidine. Benzidine is a precursor to polybenzimidazole fibre. It is a water soluble 
tetra hydrochloride, and is therefore suitable for used during immunohistochemical 
staining of nucleic acids and proteins. This chemical compound is formulated by 
reacting 3, 3'-dichlorobenzidine and ammonia with a copper catalyst at high 
temperature and pressure, followed by acidic workup. The resulting chemical 
compound is shown in figure 3.10. 50ul of DAB chromogen was added to 1ml of 
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NovolinkTM DAB Substrate Buffer (Polymer), and was used within 6 hours of 
preparation. The final step is the visible appearance of a brown precipitate at the 
antigen site caused by the reaction of the peroxidase with the 3, 3’-Diaminobenzidine 
(DAB) (figure 3.11). 
 
 
Figure 3.10: The molecular structure of 3, 3’-diaminobenzidine 
 
 
 
 
 
             
 
 
 
Figure 3.11 Visible brown precipitate at the antigen site caused by the reaction 
of the peroxidase with the 3, 3’-diaminobenzidine (DAB) 
 
 
3.2 Land Mark System Maintaining 3D Orientation of Histology Sections 
A major objective of this study is to reveal the 3D distribution of collagen and 
macrophage throughout the arterial plaque. Although histology sections provide high 
resolution images of the plaque structure in the transverse plane, the 3D relationship 
between the sections are lost during the processing. This is the major hurdle of 
applying the 2D histological images to reconstruct 3D tissue structure. By analysing 
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the histological procedure, there are several main steps which will contribute to the 
problem listed: 
1. To perform tissue processing, specimens are cut into 5mm segments and 
placed into histology cassette holders, and then placed into a tissue processor 
for processing. During tissue processing, the 5mm segments are subjected to 
physical movements within the histology cassette holders, resulting in the 
downstream/upstream sides of the segments being difficult to distinguish. In 
addition, non-uniform tissue shrinkage also occurs during tissue processing. 
The final result of this is that the 3D relationship between the segments is lost, 
making 3D reconstruction virtually impossible. 
2. There are further problems when placing segments into wax moulds for 
embedding into the paraffin wax, as the circumferential orientation 
relationship between tissue segments is lost.  
3. During sectioning, the relationship between the circumferential orientations 
for subsequent tissue sections is also lost. 
 
In the present study, we therefore developed a procedure to address the above 
identified problems to generate an accurate reconstruction of a 3D plaque model. The 
following sets out the procedure that was used to achieve this. 
 
1. The 3D orientation of the vessel is maintained by applying tissue marking dye 
along the longitudinal direction of the plaque as demonstrated in figure 3.12, 
to provide coordinate links for each segments.  
2. The carotid artery is cut into 5mm segments, with photographs being taken on 
both sides of each segment. The segments were then put into histology 
cassette holders for tissue processing. 
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3. Before the segments were embedded into liquid paraffin wax and allowed to 
set, a paper with a cross marked in the centre is placed at the bottom of the 
wax mould to enable the cut segment to be accurately positioned 
4. The line marked by the tissue marking dye on the cut segment is aligned at 
zero degree to a reference point on the grid (figure 3.12). 
5. After the wax embedding procedure, the wax block is sculptured into a 
triangular shape, with one corner being aligned to the reference point on the 
grid.  
6. Sections are then cut at 6µm thickness and placed on an APES coated 
microscope slide.  
7. Using a glass inscriber, a cross is inscribed onto the microscope slide at the 
corner used for the reference point. The reference point is used as a guide to 
maintain the 3D vessel orientation (figure 3.12) 
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Figure 3.12 Demonstrates the method used to maintain the 3D orientation of the 
sections 
 
The triangular shaped paraffin wax section is used as a reference point to inscribe the 
cross onto the microscope slide. This procedure is carried out because the use of 
xylene during the staining procedure, removes the paraffin wax that surrounds the 
tissue from the glass slide, and this would consequently remove the reference point 
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used for the orientation purpose. Making a mark on the microscope slide using a glass 
inscriber maintains the reference point permanently (figure 3.12).       
 
3.3 Histology Image Restoration Based on Finite Element Method 
After aligning the 2D sections into a 3D stack, it would then be possible to create a 
3D geometry of the plaque. However, to perform an accurate 3D reconstruction, 
another major problem is required to be overcome. The plaques structure is subjected 
to distortions caused as a result of the dehydration process during tissue processing. 
These distortions are non-uniform and tissue dependent. A finite element method 
(FEM) based image registration procedure was adopted to correct the distortions to its 
original geometries before tissue processing in the 2D histological slides. The basic 
registration procedure is as follows: 
 
1. An ultrasound scan of the specimen is performed before histological analysis 
to provide accurate outer and inner boundary of the specimen. 
2. Histology sections are correlated to the corresponding ultrasound images by 
using the land mark system developed in the previous section (figure 3.12). 
3. The 2D section images are segmented into different regions for the plaque 
components, such as collagen, lipid, calcifications, and intermediate (mixture 
of fibrous tissue and lipid). 
4. FEM meshes are generated in the 2D section images, and are assigned 
different mechanical material properties for the different regions. 
5. A starting point is required to be found on both inner and outer walls of the 
artery (plaque) for both ultrasound and 2D section image for each section 
based on certain landmarks. The outer wall contour is then uniformly divided 
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into 500 points and inner wall contour into 200 points, on both ultrasound and 
histology images. 
6. The corresponding boundary points from the histology image are mapped to 
the ultrasound image, resulting in the distorted boundaries of the histology 
image being extended to the original position, as measured by the ultrasound 
scan. Following the point movement of the boundary, the internal points are 
moved to a new position based on the FEM simulation and the assigned 
mechanical material property (the Young’s Modulus and Poisson’s Ratio). 
The final location of the plaque components should be near to their original 
locations before it was subjected to distortions during tissue processing.  
 
The FEM technical part of the procedure was developed by a colleague in the 
research group, Mr. Michael Luppy. As a joint developer, I contributed the biological 
part of work, and applied the procedure to analyses the assessment of the histology 
distortion on the plaque specimen. 
 
3.4 3D Reconstruction in SolidWorksTM 
The following steps are involved in the 3D reconstruction of the carotid plaque vessel 
using the computational aid design (CAD) software SOLIDWORKSTM. 
Assign z-value for each 2D histology image: The required number of parallel planes 
is created using the segmented images, and the distance between them is required to 
correspond with the axial coordinate of the ultrasound section using the software 
4Dview. For example, if the first US image was taken at the coordinate z = 3 mm, and 
the second at the coordinate z = 5.6 mm, the distance from the plane 1 and the plane 2 
in the SolidWorks model is required to be d = 5.6 – 3 = 2.6 mm.     
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Segmentation of 2D images: The in-plane 2D geometry of each section is drawn on 
the correspondent plane. Using the macro-files written automatically in Matlab 7.0, 
the manually marked points created during the segmentation process are plotted on to 
the sketch. The reference point is not plotted, but is used to assure the alignment of all 
the 2D slices by translating the points from each section according to the reference 
point, and is in the coordinate (0,0,z).  
Increasing wall thickness for adventitia layer to be included: During the 
endarterectomy surgery, only the intima and the media tunicae are excised from the 
carotid artery of the patient, however for simulation purposes the adventitia tunica 
needs to be incorporated into the model, and therefore the thickness of the artery wall 
is artificially increased to include this layer to be used in the CFD (Computation Fluid 
Dynamics) and the stress/strain analysis. The thickness of the arterial wall is required 
to be at least 1 or 1.2mm in the model. 
Vessel extension to build bifurcation: Geometrical extension is applied to the model 
on the internal carotid artery (ICA), external carotid artery (ECA), and common 
carotid artery (CCA). The CCA is elongated by 2cm, the ICA by 1.8cm, and the ECA 
is artificially generated as it is not present in the specimen. The procedure is carried 
out to enable fluid dynamic simulations to be possible in future studies.   
3D surface lofting: The 3D geometry is reconstructed using the 2D images stack. 
Loft functions available in SolidWorksTM are used to generate the arterial wall; the 
luminal and the lipid-core 3D geometry. The geometries of the lumen and lipid-core 
are very complex, and can be difficult to understand during the generation of the loft 
geometries. In addition, abrupt changes in the curvature angles could be generated 
due to inaccurate geometry coordinates, resulting in a geometry that is difficult to 
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mesh in AnsysWorkbench. In these circumstances, a manual correction of the 2D 
geometry was required to make meshing of the 3D model possible.  
Minor modification on 2D images: The 2D-slices were corrected if the surface 
lofting was not possible to generate, or the geometry of the lumen and lipid was 
irregular. This could have led to problems during the CFD simulation and in the FEM 
during the meshing. Minor changes were made to the 2D sections, till the 3D 
geometry was considered to accurately replicate in-vivo vessel geometries. Meshing 
or computational problems were less likely to occur if the surface of the lipid and 
lumen was smooth. Abrupt changes between the geometry of two subsequent 2D 
sections creates computational problems during the FEM simulations, therefore 
modifications were made to the geometries in the stack to elude any problems in 
generating the mesh in the FEM simulation, and computational errors in the CFD 
analysis. 
 
3.5 Plaque Morphology Assessment 
3.5.1 Collagen Distribution Analysis  
The quantification of the collagen content, and the thickness of the fibrous cap and 
lipid core were measured using an in-house designed programme using the MATLAB 
software package. For each subsequent transverse section where there was the 
presence of a plaque, manually placed points were marked circumferentially on the 
fibrous cap. The software then placed a set number of line profiles (approximately 20) 
perpendicularly to the fibrous cap as shown in figure 3.13. To remove elements of 
bias during the placing of the line profiles, the software is used to perform this action 
automatically. Along the line profile, a manually placed point was first marked on the 
fibrous cap-lumen boundary; a second point was marked on the fibrous cap-lipid core 
boundary, and a third point was then place on the lipid core-outer wall boundary as 
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indicated by the red circles shown in figure 3.13. The pre-defined calibration of the 
scale using a special graticule enabled the software to automatically measure the 
distance between the manually placed points. Using this method we were able to 
measure the fibrous cap thickness, and the lipid core thickness. The collagen content 
was quantified by calculating the pixel intensity level of each individual pixel along 
the perpendicularly placed line profile. This enabled us to correlate the data with the 
corresponding image on a micro-level to define a collagen threshold level. The non-
collagen material was calculated and used to give us an overall percentage of the 
collagen content in the specified region. This method was applied at 15 and 20 
equally distributed regions of the fibrous cap, and was applied to all the cross-sections 
throughout the longitudinal length of the plaque.   
 
 
                   
 
 
 
 
 
 
 
Figure 3.13 Image showing perpendicularly placed lines (software generated) on 
the atherosclerotic plaque to measure a) the collagen content; b) the fibrous cap 
thickness; and c) the lipid core thickness 
 
3.5.2 Measurement of the Collagen Content in the Upstream, Throat, & 
Downstream Regions of the Fibrous Cap 
 
For each plaque specimen, the mean collagen content was first calculated using the 20 
perpendicularly placed lines across the fibrous cap for each transverse section. All 
transverse sections upstream, within (maximum stenosis), and downstream of the 
Lipid Core 
Fibrous Cap 
Lumen 
Line profiles (20)  
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maximal degree of stenosis were classified as upstream, throat and downstream 
regions respectively as shown in figure 4.3. 
 
3.6 Macrophage Distribution Analysis (Area) 
The images of the anti-CD68 stained transverse section were first digitized using a 
digital camera (Olympus SP350) at a magnification of 40X. Images were uploaded 
onto an in-house designed programme using the MATLAB software package. The 
following components were segmented for our study purposes; a) the outer wall; b) 
the luminal wall; and c) the macrophage aggregation areas. Segmentation was carried 
out by visual interpretation by marking the boundary of the individual components 
with manually placed points (figure 3.14). Each point configures to a set co-ordinate, 
and the combination of points would define the component segmented with reference 
to size and location, and is electronically stored in file.    
 
 
 
Figure 3.14 Section of an atherosclerotic vessel showing the segmented 
macrophage (CD68) stained region bounded by the red circles 
 
3.7 Data Analysis 
We used the non-parametric unpaired Mann-Whitney U test for the comparison of 
two independent random samples (x and y). We used this statistical hypothesis test 
because it enables the assessment of whether one of two samples of independent 
observations tends to have a larger value than the other. p=0.05 (two-tailed) was set 
Segmented region 
bounded by red 
circles 
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as the lowest level of significance to justify a claim of a statistically significant effect.  
It is defined as: 
 
 
- where samples of size n1 and n2 are pooled and Ri are the ranks 
 
3.8 Summary 
In this chapter the following techniques shown in the table below were described in 
detail, and will be used in the chapters shown, highlighted by the red mark. 
 
TECHNIQUES 
 
CHAPTERS OF THE THESIS 
 
 
    1 
 
 
   2 
 
    3 
 
    4 
 
    5 
 
   6 
 
    7 
Histology     
* 
 
* 
 
* 
 
* 
Immunohistochemistry      
* 
  
Land mark system for 
maintaining the 3D 
orientation 
   
 
 
* 
 
 
* 
 
 
* 
 
Histology image 
restoration based on 
finite element method 
   
  
 
 
* 
 
3D reconstruction of 
the plaque model in 
solid works  
   
  
 
 
* 
 
Plaque morphology 
assessment 
   
 
* 
 
  
Macrophage 
distribution analysis 
   
  
 
* 
  
 
Table 3.1 Summary of the techniques described and the chapters of this thesis 
that it will be implemented in 
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Table 3.1 provides a summary of the techniques used for the individual chapters of 
this thesis. It shows that certain techniques were used in multiple chapters such as 
histology, whilst other techniques such as immunohistochemistry were specific for 
individual-chapters.  
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Chapter 4 
 
Atherosclerotic Plaque Morphology Analysis with Emphasis on 
Collagen 
 
4.1 Introduction 
 
Collagen is the primary structural component in the fibrous cap of plaques and gives 
it its biomechanical strength. The collagen content in the fibrous cap is important in 
the vulnerability assessment of plaque rupture as it plays a crucial role in the 
mechanical stability of the plaque. Further to this, the stability of the plaque is also in 
part dependent on the thickness of the fibrous cap, and is an important parameter in 
plaque vulnerability assessments. Fibrous caps that are considered to be thin (<75µm) 
in coronary arteries are more prone to rupture compared with fibrous caps that are 
thick. This is because of the high mechanical stresses normally occurring in regions 
of the cap that are considered to be thin. These biomechanical forces can render a cap 
susceptible to rupture. The size of the lipid core is also important in plaque rupture as 
studies have shown that a large lipid core which is separated from the lumen by a thin 
cap is more at risk from rupture.  
 
This chapter will quantify the 3-D collagen distribution along the entire length of the 
plaque for both ruptured and non-ruptured groups of symptomatic patients in detail. It 
will also correlate these results with the fibrous cap thickness and the lipid core 
thickness to improve on the current understanding of these relationships, including 
the risk assessment of plaque rupture. It will also look at the inter-relationship 
between collagen content, fibrous cap thickness, and the lipid core size in detail using 
histological techniques and analyse the data into ruptured and non-ruptured patient 
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groups to help understand the reasons why certain plaques rupture whilst others 
remain stable. Furthermore, a detailed examination of the plaque morphology at the 
rupture sites and their adjacent regions will be performed to provide a clear picture of 
specific ruptures. The carotid plaque specimens were sectioned at 0.5 mm intervals 
throughout the plaque which produced a large number of sections. This enabled us to 
have a more comprehensive understanding of plaque vulnerability. 
 
4.2 Method 
4.2.1 Carotid Arterial Plaque Specimen 
A total of 18 patients were recruited for the study. The research protocol was 
approved by local ethics committee. 
 
 
Figure 4.1: Location of the carotid artery and a plaque being removed from 
within the artery (www.adam.com) 
 
Specimens were obtained after a surgical procedure known as a carotid 
endarterectomy (CEA) as shown in figure 4.1. During this procedure the surgeon 
makes an incision through the adventitial layer and excises the intima and media 
layers which contains the plaque tissue, however the adventitial layer is maintained. 
After removal of the plaque tissue, a patch is used to regenerate the arterial lumen by 
sewing a patch onto the adventitia. The plaque specimen that is removed may be 
circumferentially intact as shown in chapter 6 in figure 6.16(b) or opened as in figure 
6.16(a). The removed specimen consists of a small section of the CCA, ICA and 
ECA. The specimen is immediately collected from the operating room and immersed 
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in saline (0.9% sodium chloride - NaCl). It is then subjected to a longitudinal 2D 
ultrasound scan using an in-house designed mechanical arm. After scanning, the 
specimen is rinsed with saline to remove any traces of blood, and is then placed into a 
solution containing 2ml formaldehyde and 18ml distilled water, producing a 3.7% 
concentration of formaldehyde solution. 
 
4.2.2 Histology Processing 
Conventional histology processing described in chapter (3) was performed on each 
specimen which included (a) tissue fixation; (b) marking on the outer wall with tissue 
marking dye; (c) cutting the specimen into 5mm length longitudinal segments and 
placing it into histology cassettes for tissue processing; (d) wax imbedding; (e) 
sectioning and attaching the sections to APES coated slides. Van Gieson and 
Picrosirius red with H&E staining were used to provide collagen information. For 
each section the following histological variables were evaluated: 1) collagen content; 
2) lipid core thickness; and 3) mean minimum fibrous cap thickness. Histological 
variables were calculated using an in-house designed program based on MATLAB. 
 
 
 
 
 
 
 
 
 
 
 
            (1) transverse view 
Figure 4.2 Demonstrates the three plaque regions; (a) upstream shoulder; (b) 
throat region; (c) the downstream shoulder region; and (1) transverse view 
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Figure 4.2 demonstrates a CEA specimen used for the study and highlights the CCA, 
ICA, and the ECA. The atherosclerotic plaque usually develops in the region shown 
by the curve, and is divided into three longitudinal regions; 1) upstream shoulder; 2) 
throat region; and 3) the downstream shoulder. The remaining regions are plaque free  
 
           
           (a)                                                                (b) 
       
               (c)                              (d)                               (e)                             (f) 
          Upstream I      Upstream II    Throat Region I Downstream I 
 
Figure 4.3 Longitudinally marked tissue to maintain the correct orientation, and 
the segmented regions demonstrating the upstream shoulder, throat, and the 
downstream shoulder regions of an atherosclerotic plaque 
 
Figure 4.3 (a) shows a CEA specimen that has been marked with a longitudinal line 
with an axial line marked every 5mm using tissue marking dye. This is performed to 
maintain the correct 3D orientation of the plaque. Figure 4.3 (b) shows the same 
specimen cut into 5mm segments to enable it to be placed into histology cassettes for 
tissue processing. Figure 4.3 (c) to (f) shows in transverse view the upstream, throat, 
and downstream regions respectively. A clear difference can be seen with regards to 
the degree of plaque build up between the upstream, throat, and downstream regions. 
The luminal area in the upstream region is relatively larger in the CCA, and becomes 
smaller when approaching the throat. The lumen has completely disappeared in the 
Direction of Flow 
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throat region. This is further enhanced by the buckling of the arterial wall that takes 
place due to the non-pressure conditions within the lumen as a result of the lack of 
blood flow. The lumen reappears again in the downstream region.  
 
As described in figure 4.3, carotid endarectomy specimens were segmented into 
blocks and grouped into the following categories a) upstream; b) throat region 
(maximum degree of stenosis); c) downstream 1; and d) downstream 2.  
• The upstream region was defined by the part of the plaque that occurs in the 
region before the maximum stenosis in the throat.  
• The throat region was defined where the bulk of the plaque was found and has 
the smallest lumen area.  
• The downstream region was defined by the part of the plaque that occurred 
downstream of the throat.  
 
In addition plaque specimens were categorised into two groups: a) ruptured; b) non-
ruptured. The ruptured and non-ruptured specimens are defined as: 
• Ruptured plaques were defined by the presence of a clear break or opening in 
the fibrous cap between the lipid core and the lumen (figure 4.4). The term 
plaque rupture is used as an alternative to the older usage of plaque ulceration.  
 
Figure 4.4 Picrosirius-red stained histological transverse section demonstrating a 
ruptured plaque  
Lipid Core 
Fibrous Cap 
Lumen 
Rupture 
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•  Non-ruptured plaques were defined by a continuous fibrous cap without any 
breaks, and which completely separated the lipid from the lumen (figure 4.5). 
 
 
Figure 4.5 Picrosirius-red stained histological transverse section demonstrating a 
non-ruptured plaque    
 
4.3 Results and Analysis 
4.3.1 Differences in Plaque Morphology between Ruptured and Non-
Ruptured Groups  
 
4.3.1.1 Mean Collagen Content 
Sample Number      Group 1 (n=10) (ruptured)* Group II (n=8) (non-ruptured)* 
1   25.49     41.71 
2   45.36     51.10 
3   50.96     42.81 
4   51.59     35.47 
5   47.20    65.64 
6   60.38     44.95 
7   27.45     52.40 
8   41.13    60.41 
9   22.43    - 
10   29.11    - 
(Mean±SD)                40.1±13.11   49.31±10.09 
 
Table 4.1 Mean collagen % in ruptured and non-ruptured plaques 
 
*All figures are in percentages (%) – collagen area in the fibrous cap / (total collagen area + 
non collagen area in fibrous cap) * 100 = collagen area (%) 
Lipid Core 
Fibrous Cap 
Lumen 
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The mean collagen content in both ruptured (n=10) and non-ruptured (n=8) plaque 
groups was investigated. For the ruptured plaque group, a mean collagen content of 
40.11±13.11% was found, compared with 49.31±10.09% for the non-ruptured group 
(figure 4.6). The overall Mean±SD result and the individual results for the specimens 
are shown in table 4.1. A graphical representation of the overall mean result is shown 
in figure 4.6. A statistical analysis using the unpaired Mann-Whitney test (two-tailed) 
was carried out, and which showed that the result did not reach statistical significance 
(p=0.08). This however may be due to the small sample size that was used. 
 
   
1= non-ruptured; 2= ruptured 
 
Figure 4.6 Comparison of the mean collagen % in ruptured and non-ruptured 
plaques; Mann-Whitney Test (two-tailed); unpaired 
 
4.3.1.2 Minimum Fibrous Cap Thickness 
The mean minimum (the mean of the smallest fc thickness in each section for all 
specimens in the group) fibrous cap (fc) thickness for the ruptured and non-ruptured 
plaques was found to be 302.64±97.08 and 417.52±139.74µm respectively. The 
minimum fibrous cap thickness was assessed by measuring the thickness at the 
thinnest point for all the sections in each specimen, and then calculating the mean 
value. A statistical analysis using the unpaired Mann-Whitney test (two-tailed) was 
carried out which showed the result reached statistical significance (p=0.03). 
1 2
0.25
0.3
0.35
0.4
0.45
0.5
0.55
0.6
0.65
M
e
a
n
 
Co
lla
ge
n
 
Co
n
te
n
t (%
)
Chapter 4 Plaque Morphology Analysis 
90 
 
Sample Number        Group 1 (n=10) (ruptured) Group II (n=8) (non-ruptured) 
1   265.73     382.87 
2   121.87     533.99 
3   359.02     435.60 
4   245.80     587.50 
5   252.95    425.90 
6   396.30     491.79 
7   283.30     353.05 
8   304.60    129.48 
9   483.30    - 
10   313.49    - 
 (Mean±SD)               302.64±97.08   417.52±139.74 
 
Table 4.2 Mean minimum fibrous cap thickness 
*All figures are in micrometer; Mann-Whitney test: p=0.03, two-tailed 
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1= non-ruptured; 2= ruptured 
 
Figure 4.7 Comparison of the mean fibrous cap thickness in ruptured and non-
ruptured plaques 
 
4.3.1.3 Lipid Core Thickness 
An analysis of the lipid core thickness in the central region for both ruptured (n=10), 
and non-ruptured (n=8) plaques was performed. For ruptured plaques, the mean lipid 
core thickness in the central region was 904.31±377.04µm, and for the non-ruptured 
plaques it was found to be 548.62±207.56µm (table 4.3). A statistical analysis using 
the unpaired Mann-Whitney Test (two-tailed) was carried out which showed the 
result to be significant (p=0.02).  
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Sample Number        Group 1 (n=10) (ruptured) Group II (n=8) (non-ruptured) 
1   917.48     738.99 
2   1183.38    937.76 
3   840.90     586.40 
4   690.37     511.17 
5   1880.97   302.44 
6   706.05    528.85 
7   693.23    371.57 
8   690.23    411.74 
9   708.02    - 
10   732.48    - 
(Mean±SD)                 904.31±377.04  548.62±207.56 
 
Table 4.3 Mean lipid core thickness in ruptured and non-ruptured plaques  
*All figures are micrometer; Mann-Whitney Test; two tailed; unpaired 
 
Figure 4.8 shows a graphical representation (box-plot) of the data in table 4.3, 
showing the mean lipid core thickness in ruptured and non-ruptured plaques. The 
difference between the two patient groups can be seen (p=0.02)   
 
          
1= ruptured; 2= non-ruptured 
 
 
 
 
 
 
 
 
 
1= non-ruptured; 2= ruptured 
 
Figure 4.8 Comparison of the lipid core thickness in ruptured and non ruptured 
plaques 
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4.3.2 Longitudinal Assessment  
4.3.2.1 Longitudinal Distributions of Collagen Density  
 
Table 4.4 compares the collagen density in the fibrous cap between ruptured and non-
ruptured groups for the upstream, throat, and downstream regions of maximum 
stenosis. The table details the results for each individual sample, the overall results 
for the group, and a comparison between the groups.  The mean values are presented 
in a graph format in figure 4.9 to show the trends, and the comparison between the 
longitudinal variation in the collagen density for ruptured and non-ruptured plaques. 
 
 COLLAGEN DENSITY IN THE FIBROUS CAP OF RUPTURED 
AND NON-RUPTURED PLAQUES 
Upstream Throat Downstream Sample 
number Ruptured Non-
ruptured 
Ruptured Non-
ruptured 
Ruptured Non-ruptured 
1 56.58 40.7 32.09 66.42 45.59 47.47 
2 59.66 44.93 56.39 43.52 35.05 39.46 
3 62.44 36.76 34.2 64.63 39.55 74.3 
4 78.62 17.76 43.8 55.8 41.13 33.75 
5 55.26 49.37 54.45 83.81 50.93 68.16 
6 40.94 93.04 34.14 94.69 36.78 72.54 
7 51.56 34.39 31.81 46.5 43.76 44.59 
8 53.43 47.99 44.63 59.32 59.09 43.45 
9 51.7 n/a 34.85 n/a 32.88 n/a 
10 31.6 n/a 76.83 n/a 42.18 n/a 
Mean 
±S.D 
54.18 
±12.48 
45.62 
±21.63 
44.32 
±14.56 
64.34 
±17.54 
42.69 
±7.81 
52.97 
±16.09 
P=0.067599 P=0.01554 P=0.20307  
P=<0.05 Not significant significant Not significant 
 
Table 4.4 Comparisons between ruptured and non-ruptured plaques for 
collagen density in the fibrous cap in the upstream, throat, and downstream 
regions. Statistical Test: Mann-Whitney Test; two-tailed; unpaired  
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Figure 4.9 Comparison of the longitudinal collagen content in ruptured (n=10) 
and non-ruptured plaques (n=8) 
 
In the upstream, throat, and downstream shoulder regions of the ruptured plaque 
group (n=10), the collagen density was 54.18%±12.48, 44.32%±14.56, and 
42.69%±7.81 respectively. For the non-ruptured plaque group (n=8), it was 
45.62%±21.63, 64.34%±17.54, and 52.97%±16.09 respectively for the upstream, 
throat, and downstream regions. Figure 4.9 shows that the collagen density in 
ruptured plaques gradually decreases longitudinally in the downstream direction, 
whilst the collagen density in the non-ruptured plaque group shows an increase from 
the upstream shoulder to the throat region, and a decline towards the downstream 
region, with the peak highest collagen content being in the throat region. 
Comparisons between the different regions for ruptured and non-ruptured plaque 
groups yielded some significant results. The difference in the collagen density 
between ruptured and non ruptured plaques for the upstream and downstream 
shoulder regions did not reach statistical significance, p=0.067, and p=0.203 
respectively (Mann-Whitney Test; two-tailed; unpaired). However, the results for the 
collagen content difference in the throat region for ruptured and non-ruptured plaques 
was found to be statistically significant (p=0.015). For ruptured plaques the mean 
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value for all the regions (upstream, throat, and downstream shoulder) was 
47.06%±6.22, and for non-ruptured plaques it was 54.31%±9.43. 
 
4.3.2.2 Cross Comparisons and Statistic Analysis 
Table 4.5 compares the overall collagen content for all the non-ruptured plaques 
studied (n=8) between a) the upstream and throat region (p= 0.04); b) the throat and 
the downstream region (p= 0.28); and c) the upstream and the downstream region (p= 
0.57), and shows the significance level between the different regions.   
  
Upstream Shoulder        Throat Region     Downstream Shoulder     Significant                    
45.61±21.63                 64.34±17.54   52.97±16.09           (p=<0.05) 
 
Upstream Shoulder      Throat Region         -   p= 0.04 
            -       Throat Region  Downstream Shoulder p= 0.28 
Upstream Shoulder      -   Downstream Shoulder p= 0.57 
 
 
Table 4.5 Difference between the collagen contents for the different longitudinal 
plaque regions in the non-ruptured plaque group 
 
Table 4.6 compares the overall collagen content for all the ruptured plaques studied 
(n=10) between a) the upstream and throat region (p=0.12); b) the throat and the 
downstream region (p=0.73); and c) the upstream and the downstream region 
(p=0.03), and shows the significance level between the different regions.   
 
Upstream Shoulder       Throat Region    Downstream Shoulder         Significant 
54.18±12.48     44.32±14.56  42.69±7.81   (p=<0.05) 
 
Upstream Shoulder   Throat region   -   p= 0.12 
       -    Throat region Downstream Shoulder p= 0.73 
Upstream Shoulder  -  Downstream Shoulder p= 0.03 
 
   
Table 4.6 Difference between the collagen contents for the different longitudinal 
plaque regions in the ruptured plaque group 
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4.3.2.3 Case Study of the 3D Collagen Density Distribution  
Figure 4.10 shows two cases studies that demonstrate the longitudinal collagen 
distribution pattern for a ruptured plaque (figure 4.10 (a)), and a non-ruptured plaque 
(figure 4.10 (b)). 
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Figure 4.10 Demonstrates the longitudinal distribution of collagen in an (a) 
ruptured and (b) non-ruptured atherosclerotic plaque 
 
For the ruptured case (4.10(a)), the collagen content in the upstream/downstream and 
throat regions of the plaque showed large degrees of variations. The upstream and 
downstream regions have higher collagen content compared with the central region of 
the plaque. At the throat region (section 10), the collagen content is low. Histological 
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assessment confirms that this region was also the site for a rupture. Figure 4.10 (b) 
shows the 3D collagen distribution in a non-ruptured plaque. It can be seen that the 
collagen content in the throat region is relatively higher compared with both the 
upstream and downstream regions.  
 
4.3.2.4 Fibrous Cap Thickness for the Different Groups 
Table 4.7 compares the fibrous cap thickness of ruptured and non-ruptured plaques in 
the upstream, throat, and downstream regions. 
 
 FIBROUS CAP THICKNESS OF RUPTURED AND NON-
RUPTURED PLAQUES 
upstream throat downstream Sample 
number ruptured Non-
ruptured 
ruptured Non-
ruptured 
ruptured Non-ruptured 
       
1 324.32 475.55 382.22 316.75 429.6 298.45 
2 228.67 235.71 218.94 215.8 191.81 455.28 
3 135.25 310.73 316.94 423.87 400.72 319.49 
4 160.97 488.23 239.82 478.5 243.1 307.65 
5 124.56 347.34 339.14 453.28 137.27 221.14 
6 250.23 222.77 281.11 471.15 417.73 364.18 
7 157.12 285.69 205.98 369.56 161.67 353.95 
8 267.36 428.56 143.27 391.44 312.7 343.34 
9 179.75 - 348.15 - 432.18 - 
10 214.37 - 270.75 - 351.73 - 
       
Mean 
±S.D 
204.26 
±64.13 
349.32 
±104.18 
274.63 
±73.99 
309.04 
±89.20 
307.85 
±115.98 
332.93 
±66.55 
P=0.0043878 P=0.01554 P=0.82856  
P=<0.05 significant significant Not significant 
 
Table 4.7 Comparison of the fibrous cap thickness in the upstream, throat, and 
downstream regions for ruptured and non-ruptured plaques (Statistical Test 
Used: Mann-Whitney Test; two-tailed; unpaired) 
 
In the upstream region, there was a significant difference (p=0.004) between the 
ruptured plaque group which had a thinner fibrous cap (204.26±26µm), compared to 
the non-ruptured plaque group (349.32±104.18µm). A significant difference 
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(p=0.01554) was also found in the throat region where the ruptured plaque group had 
a thinner fibrous cap (274.63±73.99µm) compared with the non-ruptured plaque 
group (309.04±89.20µm). However no significant difference (p=0.82856) was found 
in the downstream region between ruptured and non-ruptured plaque groups, although 
a trend was found where the ruptured group had a thinner overall cap thickness 
(307.85±115.98 µm) compared with the non-ruptured group (332.93±66.55µm) 
(figure 4.11). A study carried out by our group (Gao et al 2008) showed that a slight 
decrease in fibrous cap thickness can cause a significant increase in the stress levels 
acting on the cap surface. High levels of stress acting on the fibrous cap can cause 
rupture which may explain in part why certain plaques rupture whilst others remain 
stable. 
 
  
 
 
 
 
 
 
Figure 4.11: Graph comparing the longitudinal fibrous cap thickness between; 
1) upstream; 2) throat; and 3) downstream regions for ruptured and non-
ruptured plaque groups 
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4.3.2.5 Lipid Core Thickness for the Different Groups 
 
Table 4.8 compares the mean lipid core thickness for the ruptured and non-ruptured 
plaque groups in the upstream, throat, and downstream regions of the plaque. 
 
 LIPID CORE THICKNESS OF RUPTURED AND NON-RUPTURED 
PLAQUES 
upstream throat downstream Sample 
number ruptured Non-
ruptured 
ruptured Non-
ruptured 
ruptured Non-ruptured 
       
1 766.16 696.87 1363.84 1078.39 731.39 866.35 
2 798.65 703.13 1683.51 1314.01 814.61 827.85 
3 666.89 559.99 1272.29 790.31 845.16 527.15 
4 763.93 565.72 906.7 856.61 777.71 408.88 
5 1110.23 415.17 2133.58 624.88 1082.28 377.65 
6 629.98 437.04 1266.54 1180.83 850.78 735.28 
7 671.21 605.32 1015.14 662.73 539.96 476.42 
8 619.88 519.28 992.5 967.59 577.94 655.92 
9 936.41 - 1156.26 - 610.76 - 
10 603.67 - 1045.1 - 849.28 - 
       
Mean 
±S.D 
756.70 
±160.81 
562.82 
±106.23 
1283.55 
±374.35 
934.42 
±245.85 
767.99 
±161.47 
609.44 
±189.03 
P=0.008547 P=0.043421 P=0.12199  
P=<0.05 significant significant Not significant 
 
Table 4.8: Comparison of the Lipid Core Thickness in the Upstream, Throat, 
and Downstream Regions for Ruptured and Non-Ruptured Plaques (Statistical 
Test Used: Mann-Whitney Test; two-tailed; unpaired) 
 
The result shows that in the upstream region, the ruptured plaque group had a 
significantly larger lipid core thickness (756.70±160.81µm) compared with the non-
ruptured plaque group (562.82±106.23 µm) (p=0.008547). Also in the throat region, 
the lipid core continued to have a significantly larger thickness in the ruptured plaque 
group (1283.55±374.35 µm) compared with the non-ruptured plaque group 
(934.42±245.85µm) (p=0.043421). In the downstream region, the lipid core thickness 
in ruptured plaques was greater (767.99±161.47µm) than the non-ruptured plaque 
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group (609.44±189.03µm), however the difference was found to be not significant 
(p=0.12199). These results demonstrate a significant morphological difference that 
exists between ruptured and non-ruptured plaques.  
 
 
 
 
 
 
 
Figure 4.12 Comparison of the longitudinal lipid core thickness between the 
upstream; throat; and downstream regions for ruptured and non-ruptured 
plaque groups 
 
Figure 4.12 shows the results from table 4.8 which clearly shows the difference in the 
lipid core thickness in the upstream, throat, and downstream regions for the ruptured 
(blue coloured line) and non-ruptured (pink coloured line) plaque groups. Both 
groups have larger lipid cores in the throat region compared with the upstream and 
downstream regions, however it can be seen that the lipid core size for the non-
ruptured group is proportionally smaller compared with the lipid core size in the 
ruptured group. 
 
4.4 Morphology Analysis for the Plaque Rupture Site 
The purpose of this part of the study is to investigate the morphological 
characteristics of the rupture site and compare them to the surrounding region in 
carotid plaques of symptomatic patients. Pathological studies have established that a 
large lipid rich necrotic core is an important feature of vulnerable atherosclerotic 
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plaques. Studies have also shown that collagen degradation can lead to weakening of 
the fibrous cap. Closer examination and investigation of the plaque structure at the 
rupture site will add valuable information to the understanding of rupture conditions.  
 
4.4.1 Definition of Fibrous Cap Rupture 
Defining the presence of a plaque rupture based on histology evidence and 
interpreting it correctly is an important procedure. Evidence of a break in the 
continuity of the fibrous cap is usually the first sign of a rupture. However, there is 
also the possibility that this disruption may have been caused by artefacts during 
histology analysis. Therefore, further evidence needs to be considered to decide 
whether a rupture is genuine. Firstly, the appearance of blood cells around the 
location of the rupture, as shown in figure 4.13. Secondly, examining transverse-
sections upstream and downstream to the rupture site as demonstrated in figure 4.13. 
Investigating histology sections at the upstream and downstream sites to the rupture 
locations can enable the observation of gradual changes to the plaque structure around 
the rupture site. On the contrary, artefacts such as a break in the luminal wall as 
shown in figure 4.14 would not have this characteristic. It is also important to note 
that in many of the sections, breaks in the luminal wall were caused as a result of 
surgical procedures during the excision of the plaque. 
 
 
Figure 4.13 Series of transverse sections demonstrating fibrous cap rupture, 
thrombus and erythrocytes in the lesion, used to distinguish post-mortem 
artefact from an actual rupture 
Thrombus Thrombus Thrombus 
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Figure 4.14 Demonstrates an artefact to the arterial wall caused during post-
mortem processing; and the intrusion of erythrocytes (inset) 
 
Figure 4.15 (below) shows the six specimens used for the study all with a clear sign 
of fibrous cap rupture. It can be seen that at sites where there are breaks in the fibrous 
cap, a thin fibrous cap is present in the adjacent regions. In addition, it can also be 
seen that directly behind the break in the fibrous caps of all the specimens, the largest 
lipid core is present. 
        
          sample 1 (2)                                          sample 2 (3)                       
                                    
         sample 3 (7)                                         sample 4 (12)                       
Rupture site 
Rupture site 
Rupture site 
Rupture site 
Artefact in the 
arterial wall 
Fibrous cap 
rupture 
Intrusion of 
erythrocytes 
(blood cells) 
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          sample 5 (21)                                          sample 6 (6) 
 
Figure 4.15 Histology cross-sections of the rupture sites for all the specimens 
Figure 4.16 shows the six specimens stained with picrosirius red and viewed under 
polarised light microscopy. The birefringence is representative of collagen fibres. 
These confirm the fibrous cap at the rupture site. The perpendicular lines present in 
sample 1 (2) are points where the parameters were measured, and were carried out for 
all the specimens. The value indicated by (n) is the section number in which the 
fibrous cap rupture was observed. Figure 4.16 shows that most (5 in 6 or 83%) 
rupture occurred on the upstream region of the plaque. For sample 1, 2, 3, 4, and 6 the 
rupture was located in section number 2, 3, 7, 12, and 6 respectively, which are all at 
the beginning of the plaque. For sample 5, the rupture was observed further down the 
plaque in section number (21), on the downstream side. This finding is in 
concordance to a study carried out by Fagerberg et al (2010), which also found that 
most rupture occurred on the upstream side of the plaque.   
 
     
                     Sample 1 (2)                                 Sample 2 (3)               Sample 3 (7) 
Rupture site 
Rupture site 
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         Sample 4 (12)                            Sample 5 (21)                       Sample 6 (6) 
Figure 4.16 Picrosirius red stained cross-sections of the histology cross-sections 
shown in figure 4.15; (n) indicates the section number 
 
4.4.2 Rupture Site versus Adjacent Region in Circumferential Direction 
Sample 
Number 
Collagen 
Content 
At 
Rupture 
Site (%) 
 
Average 
In The 
Region 
(Circu.) 
Fibrous 
Cap 
Thickness 
At Rupture 
Site (µm) 
 
Average 
In The 
Region 
(Circu.) 
Lipid 
Core 
Thickness 
At 
Rupture 
Site (µm) 
Average 
In The 
Region 
(Circ.) 
       
1 (2) 3.77 15.54 854.16 850.59 2000.13 1279.91 
2 (3) 11.1 22.46 150.09 311.32 2073.6 1836.24 
3 (7) 18.98 40.22 218.16 434.51 2067.55 1545.78 
  4 (12) 17.71 47.09 177.59 331.3 1829.38 1189.94 
  5 (21) 28.48 76.82 328.9 558.65 2156.9 1764.64 
      6 (6) 10.34 24.4 345.78 645.89 2147.19 1618.73 
       
 15.06 
±8.58 
37.76 
±22.47 
345.78 
±261.38 
522.04 
±206.43 
2045.79 
±120.66 
1539.21 
±258.70 
P= <0.05 P= 0.041126 P= 0.17965 P= 0.004329 
 
Table 4.9 The collagen content (%), the fibrous cap thickness (µm), and the lipid 
core thickness (µm) at the rupture site and the average value in the 
circumferential adjacent region (Circu) 
 
Table 4.9 shows that the mean collagen content in the adjacent region of the rupture 
site for all the specimens was found to be 15.06±8.58%, compared with 
37.76±22.47% for the surrounding regions (p=0.04). This result is in concordance 
with the findings of (Lendon CL et al 1991) which demonstrates that collagen 
degradation at rupture sites can weaken the structure and make it more prone to 
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rupture. There is also a significant difference between the lipid core size behind the 
rupture site (2045.79±120.66µm), and the lipid core size in the surrounding region 
(1539.21±258.70µm) where fibrous cap rupture is not present (p=0.004). Studies 
have shown that atheroma vulnerability to rupture is increased in the presence of a 
large lipid core (Wasserman et al 2008). However, no significant difference was 
found between the fibrous caps thicknesses at the adjacent site to the rupture 
(345.78±261.38µm) compared with the mean value for the relative surrounding 
region (522.04±206.43µm). Although a trend can be seen from the results which is in 
line with other studies (Redgrave et al 2008), the finding was not significant 
(p=0.17965). This however may be due to the small sample size used, and therefore 
larger studies are warranted to confirm this result.       
 
4.4.3 Rupture Site versus Adjacent Region in Longitudinal Direction 
 
To obtain a better understanding of the rupture conditions this part of the study will 
investigate the collagen content as a percentage of total collagen and non-collagenous 
elements in the fibrous cap, and the fibrous cap and lipid core thickness (µm) at a 
region located 0.5mm directly upstream and downstream of the rupture site. Analysis 
was performed on the six (6) ruptured specimens used to study the parameters in the 
adjacent region of the rupture site (table 4.10).  
 
Figure 4.17 shows the longitudinal view of an atherosclerotic plaque highlighting the 
lumen; the lipid core; the fibrous cap; and the rupture site (n). The figure also shows 
the upstream (n-1) and the downstream (n+1) transverse cross-sections taken 0.5mm 
from the rupture site. Measurements of the parameters were performed at the same 
circumferential location to the rupture site to maintain consistency. 
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Figure 4.17 Longitudinal locations of the transverse sections (TS) used for the 
upstream (n-1); and downstream (n+1) in relation to the plaque rupture site (n) 
 
Table 4.10 shows a comparison for the collagen content (%), the fibrous cap 
thickness (µm), and the lipid core thickness (µm) at the rupture site and at the 
adjacent region in the longitudinal direction.   
 
 
COLLAGEN 
CONTENT (%) 
FIBROUS CAP 
THICKNESS(µM) 
LIPID CORE THICKNESS 
(µM) 
Sample 
number 
rupture 
site (n) 
n-1 n+1 rupture 
site (n) 
n-1 n+1 rupture 
site (n) 
n-1 n+1 
          
1 (2) 3.77 0 4.53 854.16 1036.53 997.65 2000.13 420.5 1683.45 
2 (3) 11.1 65.28 18.62 150.09 258.51 266.24 2073.6 1878.89 357.98 
3 (7) 18.98 100 11.76 218.16 355.76 118.13 2067.55 924.65 1458.35 
4 (12) 17.71 32.2 52.05 177.59 469.25 630.17 1829.38 783.36 727.19 
5 (21) 28.48 97.39 43.48 328.9 345.63 259.54 2156.9 2676.46 2026.9 
6 (6) 10.34 26.62 39.93 345.78 489.52 387.45 2147.19 739.28 987.38 
          
Mean 15.06 53.58 28.40 345.78 492.53 443.20 2045.79 1237.19 1206.88 
S.D 8.58 34.72 19.30 261.38 279.83 321.31 120.66 860.44 626.37 
P=0.008  P=0.13203  P=0.093074  P=<0.05 
P=0.24026 P=0.58874 P=0.008658 
 
Table 4.10 Comparison of collagen content (%), the fibrous cap thickness (µm), 
and the lipid core thickness (µm) in the rupture site and adjacent region in 
longitudinal direction 
 
It can be seen that the mean collagen content for the rupture site is 15.06±8.58%. In 
the region directly upstream to the rupture site (n-1) it is 53.58±34.72% (p=0.008), 
Lumen 
Lipid 
Fibrous Cap 
Rupture Site 
 0.5mm    0.5mm 
    n-1      n    n+1 
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and in downstream region (n+1) it is 28.40±19.30% (p=0.24026). The results show 
that the rupture site generally has a lower collagen content compared with the 
upstream and downstream regions. The result in the upstream region was found to be 
significantly higher compared to the rupture site indicating an abrupt decrease in the 
collagen contents. 
 
The mean fibrous cap thickness for all the specimens at the rupture site was found to 
be 345.78±261.38µm. In the region upstream to the rupture site (n-1) it was 
492.53±279.83µm (p=13203), and in the downstream region it was 
443.20±321.31µm (p=0.58874). The results indicate that the rupture site generally 
has a thinner cap thickness compared to the upstream and downstream regions. This 
result is in concordance with a study carried out by Li et al (2006) which 
demonstrated, using a flow-structure model, that there is an increase in plaque stress 
in arteries with a thin fibrous cap. The presence of a moderate stenosis (30% to 70%) 
with a thin fibrous cap is indicative of a high risk for plaque rupture. Another study 
by Imoto et al (2005) showed that there was an inverse relationship between surface 
equivalent stress and the thickness of the fibrous cap. 
 
The mean lipid core thickness for all the specimens at the rupture site was found to be 
2045.79±120.66µm. In the region 0.5mm directly upstream from this site (n-1) it was 
1237.19±860.44 (p=0.093074), and in the region 0.5mm downstream (n+1) it was 
1206.88±626.37µm (p=0.008658). The results indicate that the lipid core thickness at 
the rupture site is generally larger than in the region directly upstream and 
downstream to the site. Studies have shown that the presence of a large lipid core 
increases the risks of plaque rupture. A study by Falk et al (1995) concluded that the 
major determinants of vulnerability of a plaque to rupture are the size and consistency 
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of the atheromatous core as well as the thickness of the fibrous cap covering the core. 
This finding supports the results obtained in the present study and shows that abrupt 
longitudinal changes in lipid core thickness at the rupture site can influence plaques 
to rupture.  
 
4.4.4 Correlation between Lipid Core Thickness and Cap Collagen Content 
Large lipid cores in plaques are the result of increased macrophage activity which 
engulfs lipid molecules to form foam cells. These foam cells eventually die and leave 
behind debris and lipid that contributes to the formation of the lipid core (Ball et al 
1995). Macrophage cells also release proteolytic enzymes which degrade collagen in 
fibrous caps, weakening it to make it more prone to rupture. Investigating the lipid 
core may therefore enable the indirect assessment of the collagen contents in fibrous 
caps, and enable the risk assessment of plaque rupture. Differences in the correlation 
of these parameters between ruptured and non-ruptured plaques may suggest other 
mechanisms that may be involved in plaque rupture. Current imaging modalities are 
not able to assess plaque collagen, unless molecular imaging technology is used, 
however the lipid core of plaques can be observed and measured using imaging 
modalities such as MRI and ultrasound (Trivedi et al 2004, Honda et al 2004). 
 
The results of this investigation can be seen in table 4.11 which shows that for 
ruptured plaques the lipid core thickness and fibrous cap collagen content was 
904.31±377.04µm and 40.11±13.11% respectively, and was found to be negatively 
correlated (r= -0.73). For non-ruptured plaques the lipid core thickness and fibrous 
cap collagen content was 548.62±207.56µm and 49.31±10% respectively, and were 
also shown to be negatively correlated (r= -0.84) – (two-tailed). 
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 Ruptured Plaques Non-Ruptured Plaques 
Sample 
number 
Lipid Core 
Thickness (µm) 
Fibrous Cap 
Collagen 
Content (%) 
Lipid Core 
Thickness (µm) 
Fibrous Cap 
Collagen 
Content (%) 
1 1183.38 25.49 738.99 41.71 
2 708.02 45.36 411.74 51.10 
3 693.23 50.96 511.17 42.81 
4 690.23 51.59 937.76 35.47 
5 706.05 47.20 371.57 65.64 
6 690.37 60.38 528.85 44.95 
7 917.48 27.45 586.40 52.40 
8 732.48 41.13 302.44 60.41 
9 1880.97 22.43 - - 
10 840.90 29.11 - - 
Mean±SD 904.31±377.04 40.11±13.11 548.62±207.56 49.31±10.09 
Correlation r= -0.73 r= -0.84 
 
Table 4.11: Correlation between lipid core thickness (µm) and fibrous cap 
collagen content (%) in ruptured (n=10) and non-ruptured (n=8) carotid plaques 
 
From figure 4.18 it can be clearly seen that for both ruptured (left panel) and non-
ruptured (right panel) plaque groups there is a correlation between lipid core thickness 
and collagen content. An increase in lipid core thickness was correlated with a 
decrease in fibrous cap collagen content in most of the samples investigated. 
However, the results indicate that the strength of the correlation was stronger for the 
non-ruptured plaque group compared with the ruptured plaque group, r=-0.84 and r=-
0.73 respectively.  
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           Left panel; ruptured group                           Right panel; non-ruptured group                 
 
Figure 4.18: Correlation between lipid core thickness and cap collagen content in 
ruptured plaques (left panel), and non-ruptured plaques (right panel) 
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4.4.5 Data Measurement Reproducibility Study 
To study the reproducibility of the data, intra-observer variability tests were carried 
out to measure the thickness of the fibrous cap using the method described and were 
found to be 0.09±0.02%. The data for the 4 tests is summarised in Table 4.12. The 
measurement of the fibrous cap thickness was repeated by the observer over a time 
period range (1 week), and demonstrated the following values. 
 
Test Number      Range   Agreement, %                                           
          (Mean±SD) 
 1     0.09-0.13  0.10±0.02 
 2     0.06-0.13  0.09±0.03 
 3     0.02-0.08  0.06±0.02 
 4     0.59-0.10  0.09±0.02 
 Error Margin (mean value)     0.09±0.02 
 
Table 4.12 Reproducibility of the Data  
*All figures are in percentage (%) 
 
4.5 Summary 
In this chapter, the micro-level structure of arterial plaque was studied. In general, it 
was found that ruptured plaques have a thinner cap thickness, a lower density of 
collagen in the cap region and a larger lipid core compared with non-ruptured plaque. 
Longitudinally, the collagen content decreased from the upstream, plaque throat, to 
the downstream region for the ruptured group, while for non-ruptured group it was 
lower, high and low respectively. For fibrous cap thickness, an opposite (compared 
with collagen contents) trend was found for the ruptured group where the cap 
thickness increased from the upstream, throat to the downstream region. In the non-
ruptured group, the upstream and downstream have similar cap thickness but a thicker 
cap can be found in the throat region. For both groups, larger lipid core can be found 
in the throat region. At the rupture site itself, a significantly lower collagen density 
Chapter 4 Plaque Morphology Analysis 
110 
 
and larger lipid core can be found compared with the average value for transverse 
sections. The collagen content is also significantly lower at the rupture site compared 
with the immediate up- and down-stream sections. A thinner fibrous cap and larger 
lipid core can also found in the rupture site but the difference between this and the up- 
and down-stream sections was not significant. Based on the above study, it seems that 
local collagen fibrous density is a significant factor in plaque rupture dynamics.  
 
It is believed that the extent of macrophage cell infiltration into the arterial lesion can 
be indicative of the quality of type I collagen in the plaque. This is because 
proteolytic enzymes such as the matrix metalloproteinase’s are released by the 
macrophages cells, which play a dominant role in collagen degradation. In the next 
chapter, the macrophage distribution will be analysed for the same group of patients. 
 
Discussion 
A detailed discussion of this chapter (4) has been presented in chapter 8 of this 
thesis. It has not been included here as the overall findings of this chapter have been 
integrated with the findings from the other chapters in this thesis.
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Chapter 5 
 
Macrophage Distribution in Atherosclerotic Plaques 
 
 
5.1 Introduction 
 
Figure 5.1 illustrates the general understanding of the process of infiltration of 
macrophage cells (average size 20 to 50 µm) into plaques. It is a recognisable feature 
of atherosclerosis and is known to weaken the structural integrity of the fibrous cap 
rendering it susceptible to rupture (Tearney et al 2003). Macrophage cells release 
proteolytic enzymes that degrade tissue debris and structural components such as 
collagen, which are neutralized and removed by a process known as phagocytosis. 
Macrophages play an important role in all stages of the developmental process of an 
atherosclerotic plaque. Resident macrophages in plaque tissue are subject to variations 
in their morphology, and are able to undertake a wide variety of physiological 
functions. 
 
Figure 5.1 – The atherogenesis process (taken from Netters Illustrated Human 
pathology, Elsevier, 2005) 
 
Associated with the collagen distribution study described in the previous chapter (4), 
the 3D macrophage distribution along advanced plaques will be studied in high 
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resolution. For the plaque morphology analysis described in the previous chapter 
(chapter 4), 19 cases were investigated; however for the present study only 11 plaque 
specimens will be studied. The reason for this is because antibody staining at high 
resolution along the longitudinal length of the plaque will be performed, which is 
very time-consuming. In addition, certain samples used in the previous chapter (4) 
were not suitable for analysis using immunohistochemistry. Cross-sections with 
500µm intervals will be obtained from the histology analysis. For some cases, the 
intervals between cross-sections were reduced to 250µm to provide a more detailed 
evaluation of macrophage content. Plaques were obtained from symptomatic patients 
and classified into ruptured and non-ruptured groups. Since macrophages and low 
density lipoprotein (LDL) share a close relationship in the development of 
atherosclerosis, the present study will also assess the correlation between macrophage 
and lipid contents. Furthermore, macrophages are known to degrade collagen through 
the secretion of proteolytic enzymes such as MMP’s and destabilise the plaque. This 
study will therefore also investigate the relationship between the macrophage content 
and the collagen content to improve our understanding of the risk assessment and 
mechanisms behind plaque rupturing.  
 
5.2 Method 
5.2.1 Tissue Specimens and Immunohistochemistry Staining 
Histology sections generated from the morphology study were used for the present 
chapter. The protocol for immunohistochemistry analysis described in chapter 3 was 
used for the macrophage (CD68) staining. Figure 5.2 is an example of the staining 
which highlights the brown precipitate at the antigen site of the macrophage cells 
caused by the reaction between the peroxidase (enzyme) and the 3, 3’-
Diaminobenzidine (DAB)-(substrate). 
Chapter 5 Macrophage Distribution 
113 
 
 
 
 
 
 
 
 
 
Figure 5.2 Visible brown precipitate at the antigen site caused by the reaction of 
the peroxidase with the 3, 3’-diaminobenzidine (DAB) 
 
5.2.2 Quantification of Immunostained Cells (Macrophage CD68) 
Digital images of the upstream and downstream plaque cross-sections were captured 
with a CCD-camera (Olympus SP350) at a magnification of 40X. For each analysis, 
the regions containing the immunostained cells were marked with a boundary by 
visual interpretation as shown in figure 5.3. The area occupied by the macrophage 
region was calculated for the sections in the upstream and downstream of the plaque 
for both ruptured and non-ruptured plaques. Details of the macrophage distribution 
analysis (area) can be found in the methodology chapter (section 3.6) 
 
Figure 5.3 Transverse section of an atherosclerotic plaque showing the boundary 
of the macrophage (CD68) region stained in brown  
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5.2.3 3D Reconstruction of Macrophage Distribution in Carotid Plaque 
A clear view of the variation in the macrophage distribution along the longitudinal 
length of the advancing plaque can be ideally represented by reconstructing the 
macrophage distribution in three-dimension (3D). The procedure described in Chapter 
3 on 3D plaque morphology reconstruction was followed to generate the 3D 
macrophage distributions.  
 
      
                    (a)                                            (b)                                         (c) 
 
Figure 5.4 Transverse section of a plaque stained with (a) picrosirius red 
staining; (b) anti-CD68 macrophage antibody staining; and (c) viewed under 
polarized light 
 
Figure 5.4 demonstrates a transverse section located 4.5mm downstream of the 
carotid bifurcation and displays a large necrotic core separated from the lumen by a 
thin fibrous cap, highly infiltrated with macrophages.  
 
5.2.4 Statistical Analysis 
All values are reported as mean values. A value of p<0.05 was considered statistically 
significant. The non-parametric unpaired Mann-Whitney Test (two-tailed) was used 
to compare numerical data for the immunostained cells between upstream and 
downstream regions, and between ruptured and non-ruptured plaques. In addition the 
Pearsons Product-Moment Correlation Coefficient was used to measure the 
c 
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significance of the relationship between the lipid core and macrophage area for 
ruptured and non-ruptured plaque groups.     
 
5.3 Results 
                                                                                                                        n=11  
Average Age (years)        69 
Male           6   (58%) 
Female         5   (42%) 
Asymptomatic         1   (9%) 
Symptomatic          10 (91%) 
 
Table 5.1 Patient data for the samples used for the study; Values are absolute 
number (n) and percentage (%) 
 
5.3.1 Longitudinal Macrophage Content for Different Plaque Groups 
 
Macrophage Composition between Upstream and Downstream Sites of 
Maximum Stenosis in Ruptured and Non-Ruptured Plaques 
 
 Figure 5.5 demonstrates one case of a series of transverse sections taken at high 
resolution (250µm intervals) highlighting the CD68-stained area. An in-house 
designed programme developed using MATLAB was used to calculate the area of the 
CD68-stained area. The results for all cases studied are shown in table 5.2. 
 
 
1 2 3 
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Figure 5.5: series of 6-microns thick sections stained with CD68 macrophage 
antibody (brown colouring).  Sections 1-13 (red boarder) are in the upstream 
region of the maximum stenosis. Section 14 (green boarder) shows the maximum 
stenosis and sections 15-43 (blue boarder) are in the downstream region of the 
maximum stenosis 
 
26 27 28 
29 30 31 
32 33 34 
35 36 37 
38 39 40 
41 42 43 
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Figure 5.5 demonstrates a series of transverse sections (1 to 43) from a ruptured 
plaque which has been stained with anti-CD68 antibodies and counterstained with 
hematoxylin. The specimens were divided transversely at the point of the maximum 
stenosis, and from this point the sections were collated from the upstream and 
downstream regions. Sections 1-13 show the upstream sections (section number 
indicated on lower left corner of image). Section 14 shows the maximum stenosis, 
and sections 15-43 show the sections in the downstream region. The brown staining 
seen in the plaque sections highlights the localisation of CD68 positive stained cells. 
It can be seen from visual observation that in the transverse sections upstream of 
maximum stenosis (1-13), there is comparatively a higher amount of brown staining 
than in the transverse sections found in the downstream of maximum stenosis (15-
43). This observation was found in the majority of cases that were studied (91%). 
 
 Macrophage Stained Area (mm2) 
 Upstream Downstream 
Sample Ruptured Non-ruptured Ruptured Non-ruptured 
 
    
1 6.34 5.3 5.35 3.43 
2 5.63 4.54 3.15 4.34 
3 7.37 5.45 3.44 3.23 
4 5.11 4.7 4.32 5.32 
5 7.57 5.2 4.23 2.92 
6 - 4.14 - 3.74 
 
    
Mean±SD 6.40±1.07 4.89±0.51 4.10±0.86 3.83±0.88 
 p=0.03 p=0.66 
 
Table 5.2: Comparison of the macrophage content in the upstream and 
downstream region of maximum stenosis between ruptured and non-ruptured 
plaques 
 
Table 5.2 shows the comparison for the CD68-stained area (mm2) between ruptured 
and non-ruptured plaques in the upstream and downstream sites of maximum 
stenosis, measured using the MATLAB software package (see section 3.6 and 5.2.2 
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for details). In the upstream region, ruptured plaques were found to have a 
significantly higher mean CD68 macrophage area compared to the non-ruptured 
plaques (p=0.03). In the downstream region, ruptured plaques showed a trend towards 
a higher macrophage area than the non-ruptured plaques, which was not significant 
(p=0.66). 
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          (a) Upstream        Downstream                (b) Upstream       Downstream 
 
Figure 5.6: Macrophage content and distribution in 11 symptomatic carotid 
atherosclerotic plaques in upstream and downstream regions. (a) ruptured 
(n=5); and (b) non-ruptured (n=6) 
 
Figure 5.6 shows the macrophage content and distribution in the upstream and 
downstream regions of maximum stenosis in the ruptured plaque (a) and in the non-
ruptured plaque group (b). It can be seen from panel (a) that in the ruptured plaque 
group (n=5), the mean CD68-stained area in the upstream region is significantly 
higher than in the downstream region (p=0.02), 6.40±1.07mm2 and 4.10±0.86mm2 
respectively. In the non-ruptured plaque group (n=6), there was also non-significant 
higher incidence of CD68-staining (mm2) in the upstream region compared with the 
downstream region, 4.89±0.51mm2 and 3.83±0.88mm2 respectively (p=0.06). The 
results of the present study are in concordance with an investigation carried out by 
Fagerberg et al (2010). Their results showed that compared with the downstream 
region, the upstream region of the stenosis had higher incidence of severe lesion and 
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more macrophages. Additionally to the study of Fagerberg et al (2010), the present 
study distinguishes between plaques which have ruptured and plaques that have 
remained stable. The interval between cross-sections in the present study was also 
significantly lower than the previous study (Fagerberg et al 2010), where only a 
limited number of transverse sections in the upstream and downstream sites of 
maximum stenosis were analysed. The present study however, analyzed transverse 
sections for CD68-stained areas at high resolution (250µm intervals). As macrophage 
content and distribution varies considerably along the longitudinal length of the 
plaque as a result of differing stress distribution regions across the surface of the 
plaque (Howarth et al 2007), it is important to analyze the macrophage content at 
high resolution to take into account fluctuations that may be present between 
transverse sections to obtain accurate and meaningful results.        
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           (a) Ruptured      Non-ruptured               (b) Ruptured       Non-ruptured 
 
Figure 5.7: Graph comparing (a) upstream and (b) downstream macrophage 
content between ruptured (n=5) and non-ruptured (n=6) plaque groups 
 
Figure 5.7 compares the CD68-stained area in the upstream (a) and downstream (b) 
regions of the maximum stenosis between ruptured (n=5) and non-ruptured (n=6) 
plaque groups. It can be seen from panel (a) that in the upstream region of maximum 
stenosis, the ruptured plaque group has significantly larger CD68-stained areas 
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(6.40±1.07mm2) than in the non-ruptured plaque groups (4.89±0.51mm2), p=0.03. 
Larger areas of CD68-stained cells in the ruptured plaque group was also found 
downstream of maximum stenosis compared with the non-ruptured plaque group; 
4.10±0.86mm2 and 3.83±0.88 respectively, however this result did not reach 
statistical significance (p=0.66).  
 
5.3.2 Case Study of 3D Macrophage Distribution in Ruptured and Non-
Ruptured Atherosclerotic plaques 
 
An analysis of 3 ruptured and 4 non-ruptured carotid plaques to assess the variability 
of the macrophage distribution in the two plaque groups (ruptured and non-ruptured) 
was carried out. 3D reconstruction of the macrophage distribution was performed on 
7 cases, 4 of the cases are presented in figure 5.8(a)-(b), and 5.10(a)-(b). Based on 
observations of the 2-D cross sections, it was found that macrophage stained regions 
were at a closer proximity to the luminal wall in ruptured plaques compared with non-
ruptured plaques. This is demonstrated in figure 5.9(a) where the macrophage region 
(brown line) is further away from the luminal wall compared with figure 5.9(b), 
where the macrophage region is bordering the luminal wall.    
 
Figures 5.9(c) and 5.9(d) demonstrate 2D views taken from the 3-D plaque model of 
non-ruptured and ruptured plaques (figure 5.8(a) and 5.8(b)). It can be seen that in the 
ruptured plaque (figure 5.9(b)); the macrophage stained region (coloured brown) is in 
close proximity to the luminal wall (coloured orange). Whilst the macrophage stained 
region in the non-ruptured plaque is relatively further in distance from the luminal 
wall. Figure 5.10 below shows further examples of the results that were obtained. 
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(a) Non-Ruptured Plaque                (b) Ruptured Plaque 
                   
 
Figure 5.8: 3D-reconstruction of a carotid endarterectomy specimen 
demonstrating the distribution of the macrophage stained regions. Panel (a) 
demonstrates a non-ruptured plaque and panel (b) a ruptured plaque 
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Blue: outer wall 
Brown: macrophage 
Orange: luminal wall 
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Figure 5.9: 2-D plain sections taken from (a) non-ruptured plaque, and (b) 
ruptured plaque. Arrows on figure 5.8(a) and (b) indicate location of the 2-D 
sections relative to the plaque. Legends are the same as figure 5.8 
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      (c) Non-Ruptured 
 
       (d) Ruptured 
 
Figure 5.10: 3-D reconstruction of a non-ruptured plaque (a) and ruptured 
plaque (b), highlighting macrophage distributions (brown). Region marked with 
arrows are highlighted in 2-D cross-sectional in figure (c) and (d) respectively. 
Legends are the same as figure 5.8 
 
Figure 5.10(a) (page-123) shows a 3-D reconstruction of a non-ruptured plaque 
highlighting the lumen (orange), the outer wall (blue), and the macrophage region 
(brown). It can be seen by visual observation that compared with the ruptured plaque 
(5.10(b) page-123); the non-ruptured plaque has less macrophage covered regions. In 
addition, it was found that the macrophage regions were smaller and further in 
distance from the lumen compared with the ruptured plaque as can be seen from 
figures 5.10(c) and 5.10(d). Although only a comparatively small sample was studied, 
the results obtained are in concordance with the studies carried out by Hussain et al 
(1999) which demonstrated that macrophage accumulation within the cap of carotid 
plaques is associated with plaque instability and rupture. In relation to the present 
study, macrophage accumulations in ruptured plaques were found nearer to the lumen 
and therefore also within the cap region. The results demonstrate that there is a 
difference in the macrophage accumulation size and distribution between ruptured 
and non-ruptured plaques. This difference may be due to the influence of biochemical 
factors including chemokines which have the ability to induce directed chemotaxis in 
Large regions of 
macrophage 
accumulations near 
luminal wall 
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nearby responsive macrophage cells. Differences in these biochemical factors may 
result in certain plaques being more prone to rupture than others.  
 
5.3.3 The Relationship between Macrophages and Lipid 
 The present study has shown that the majority of disrupted plaques have a necrotic 
core occupying a larger overall volume compared with plaques without disruptions. 
Further, it has been shown that they have thinner fibrous caps, and a higher 
accumulation of macrophage cells than intact plaques. They also have an 
accumulation of lipid filled macrophages at their edges (Lendon CL et al 1991). A 
study by Ivan et al (2002) showed that macrophages are a prominent feature of the 
edges of plaques (neo-intima and adventitia), which may suggest that plaques 
undergo expansive remodelling (outward). It further suggests that the edges of 
plaques are the most active sites for plaque growth. Ivan et al (2002) demonstrated 
that macrophage rich lesion of ApoE KO mice had significantly higher levels of 
expansive remodelling than macrophage-poor wild type mice. Expansive remodelling 
may be as a result of macrophages in the arterial wall secreting enzymes such as 
MMPs that degrade matrix components.  
 
The growth of the plaque occurs as lipids accumulate at the expense of matrix 
proteins and smooth muscle cells. The oxidation of plaque lipids can further enhance 
connective tissue degradation by activating macrophage cells, and in stimulating the 
production of matrix metalloproteinase’s (MMP). It can therefore be seen that the 
disruption of plaque is a result of connective tissue degradation which is a process 
influenced by the plaques lipid content and macrophage activity. Differences in the 
distribution of macrophages around the necrotic core between ruptured and non-
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ruptured plaques may determine whether it influences non-ruptured plaques to 
become ruptured plaques.    
 
As mentioned the aim of this part of the study is to establish differences in the 
macrophage content, and distribution between ruptured and non-ruptured plaques, to 
establish an increased understanding of why certain plaques fissure and others do not. 
To further enhance this understanding this part of the study will also aim to identify 
the association of macrophages in relation to the necrotic lipid core in ruptured and 
non-ruptured atherosclerotic plaques to help determine any differences which may 
influence plaque stability. 
 
Table 5.3 shows the mean necrotic lipid core cross-sectional area for all the cross-
sections in each specimen for the ruptured and non-ruptured plaque groups. It also 
shows the corresponding mean cross-sectional area occupied by macrophage cells for 
all the cross-section of the same specimens (correlation results are shown in table 5.4 
and 5.5). It can be seen from these findings that the mean necrotic lipid core area for 
the ruptured plaque group was 8.58±1.67mm2 and for the non-ruptured plaque group 
it was 6.43±1.23mm2 (p=0.03). The mean macrophage area was evaluated for the 
same specimens and was 3.18±0.83mm2 and 2.65±1.09mm2 for ruptured and non-
ruptured plaques respectively (p=0.24675). Although the difference was not 
statistically significant, a trend was observed. The results for the differences in these 
parameters between the upstream and downstream regions of the plaque are detailed 
in table 5.6. 
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 NECROTIC LIPID CORE 
AREA 
MEAN MACROPHAGE AREA 
Number Ruptured Non-Ruptured Ruptured Non-Ruptured 
1 7.24 5.55 2.915 2.05 
2 9.45 4.82 3.115 1.36 
3 10.52 6.27 4.6 2.26 
4 9.22 7.18 2.745 3.075 
5 6.47 8.33 2.5 4.55 
6  6.44  2.59 
Mean±SD 8.58±1.67mm2 6.43±1.23mm2 3.18±0.83mm2 2.65±1.09mm2 
P=<0.05 P=0.03 P=0.24675 
 
Table 5.3 Mean lipid core and macrophage area in all the transverse section 
studied for ruptured and non-ruptured plaques 
 
 
Table 5.4 and 5.5 shows the descriptive statistics for the ruptured (table 5.4) and the 
non-ruptured (table 5.5) plaques. The results show that there is a strong positive 
correlation between the lipid core and macrophage area in ruptured plaques (r=0.76) 
and non-ruptured plaques (r=0.98).   
 
Variable Mean StDev Variance Sum Min Max Range Correlation 
         
Lipid Core 8.58 1.67 2.23556 42.9 6.47 10.5 4.05 
Macrophage 3.18 2.65 0.54847 15.88 2.5 4.6 2.1 
r=0.76 
 
Table 5.4: Descriptive statistics for ruptured plaques (n=5). All figures in mm2 
Variable Mean StDe
v 
Variance Sum Min Max Range Correlation 
         
Lipid Core 6.43 1.23 1.260780 38.59 4.82 8.33 3.51 
Macrophage 2.65 1.09 0.995064 15.89 1.36 4.55 3.19 
r=0.98 
 
Table 5.5: Descriptive statistics for non-ruptured plaques (n=6). All figures in 
mm2 
 
Table 5.6 shows the relationship between the lipid core size (microns) and the 
macrophage area (mm2), and also shows a comparison between the ruptured (n=5) 
and non-ruptured (n=6) plaques in the upstream and downstream regions. The results 
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were also presented in a graphical format for a clearer understanding of the 
correlation between the two parameters as shown in Figures 5.11 and 5.12. To 
confirm the significance of the correlations, a test was carried out to determine the 
probability that the correlations did not occur by chance.  
 
 LIPID CORE SIZE (MICRONS2) MACROPHAGE AREA (MM2) 
 Upstream Downstream Upstream Downstream 
 Ruptured Non-
ruptured 
Ruptured Non-
ruptured 
Ruptured Non-
ruptured 
Ruptured Non-
ruptured 
         
1 896.65 704.09 668.74 609.15 6.34 5.3 5.35 3.43 
2 1009.49 797.77 1141.57 704.71 5.63 4.54 3.15 4.34 
3 912.36 842.85 672.88 483.01 7.37 5.45 3.44 3.23 
4 598.55 547.55 604.68 498.4 5.11 4.7 4.32 5.32 
5 549.84 822.21 875.55 712.81 7.57 5.2 4.23 2.92 
6 - - - - - 4.14 - 3.74 
         
 793.38 
±205.42 
742.89 
±121.41 
792.68 
±220.03 
601.62 
±109.28 
6.40 
±1.07 
4.89 
±0.51 
4.10 
±0.86 
3.83 
±0.88 
 
Table 5.6: Relationship between lipid core size and macrophage area in 
ruptured and non-ruptured plaques in the upstream and downstream regions 
 
Testing the Significance of the Correlation (r)  
The significance of the correlation was tested to determine the probability that the 
observed correlation did not occur by chance. A critical value table was used to 
determine the intersection value of the alpha level (0.05). For the ruptured group 
(n=5) the degree of freedom (d.f) was N-2= 3, and the r value was 0.76 which is 
below the value of the intersection (0.878). Therefore there is no statistically 
significant relationship between the lipid core and macrophage area for this group. 
For the non-ruptured group (n=6), degree of freedom (d.f) was N-2= 4, and the r 
value was 0.98 which is above the intersection value (0.811), and therefore there is a 
statistically significant relationship between the two parame
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            Panel A – ruptured plaque                   Panel B – non-ruptured plaque 
 
Figure 5.11 Panel (A) shows the correlation between the mean lipid core area 
and the mean macrophage area for the ruptured plaque group n=5 r=0.76; and 
the non-ruptured plaque group (n=6) r=0.98 (Panel B) 
 
Figure 5.11 shows the correlation between the area occupied by the lipid rich necrotic 
core and the macrophage cells for each plaque specimen in ruptured (Panel A) and 
non-ruptured (Panel B) plaques. It can be seen that all analysed specimens 
demonstrated a clear direct proportional relationship between the two parameters. The 
correlation coefficient (r) for the ruptured group was r= 0.76 and for the non-ruptured 
plaque group it was r= 0.98. Although these values represent a strong correlation 
between the two parameters, the difference in the strength of the correlation between 
the two groups is not easy to explain. The findings from these results are in agreement 
with the study carried out by Marie-Louise M et al (2002) which demonstrated that 
the amount of plaque lipid was greater in plaques with higher macrophage density. 
Other studies also demonstrated that lipid and macrophage rich plaques were found to 
be more prone to rupture and cause myocardial infarction in coronary arteries (De 
Boer OJ et al 2000 and Falk E et al 1995). However, the present study is the first to 
demonstrate the differences in the correlation between lipid and macrophage area in 
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ruptured and non-ruptured carotid plaques, and the first to perform the investigation 
at high resolution along the longitudinal aspect of the plaques.   
 
Figure 5.12 and 5.13 show the longitudinal relationship between the lipid core size 
(microns) and the macrophage area (mm2) in the upstream and downstream regions 
for the ruptured plaque (figure 5.12) and the non-ruptured (figure 5.13) plaque 
groups. It can be seen from both graphs that as the lipid core decreases in size as it 
progresses from the upstream to the downstream region, the area occupied by the 
macrophage cells also decreases proportionally in the same regions. 
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Figure 5.12 Graph showing the longitudinal relationship between the mean lipid 
core size (µm) and the mean macrophage area (mm2) in the upstream and 
downstream regions for the ruptured plaque group (n=5) 
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Figure 5.13 Graph showing the longitudinal relationship between the mean lipid 
core size (µm) and the mean macrophage area (mm2) in the upstream and 
downstream regions for the non-ruptured plaque group (n=6) 
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5.3.4 Relationship between Macrophage and Collagen Content  
The integrity of the fibrous cap in an atherosclerotic plaque, and therefore its 
mechanical strength against rupture depends critically on the collagen content of the 
fibrous cap. This aspect of plaque structure is dependent on a balance between the 
synthesis and degradation of the macromolecules that form the extracellular matrix of 
the fibrous cap, principally interstitial forms of collagen which are derived from the 
arterial smooth muscle cells. The degradation of collagen is dependent on the 
presence of macrophages. Macrophages secrete proteolytic enzymes which can act to 
degrade collagen, and contribute to the weakening of the fibrous cap. It can therefore 
be seen that macrophages have a critical influence on the stability of the 
atherosclerotic plaque. This part of the study aimed to detect any differences in the 
correlation between the macrophage and collagen content in ruptured and non-
ruptured plaques. 
 
Table 5.7 shows the mean collagen density (ratio of collagen and non-collagen 
material, expressed as a percentage), and the mean macrophage area for all the 
transverse sections for each specimen in ruptured and non-ruptured plaques. For the 
ruptured plaque group (n=5), the mean collagen was 32.37±10.20% and the mean 
macrophage area in each transverse section was 3.18±0.83mm2. In comparison with 
the non-ruptured plaque group (n=6), the mean collagen content was higher at 
52.89±8.80%, and the mean macrophage area was lower at 2.65±1.09mm2. From this 
result it can be seen that in the ruptured plaque group (post-rupture), a higher 
macrophage area was associated with lower collagen content, compared with the non-
ruptured plaque group, where a lower macrophage area correlated with higher 
collagen content. This result indicates an important role played by macrophage cells 
in influencing the collagen content of the fibrous cap in atherosclerotic carotid 
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plaques. Furthermore, the results highlight that ruptured and non-ruptured plaques 
have different mean macrophage areas which results in different mean quantities of 
collagen in the fibrous cap.  
 
 Mean Collagen Content  Mean Macrophage Area 
Number Ruptured Non-Ruptured Ruptured Non-Ruptured 
1 27.45 60.41 2.915 2.05 
2 25.49 65.64 3.115 1.36 
3 22.43 52.4 4.6 2.26 
4 41.13 44.95 2.745 3.075 
5 45.36 42.81 2.5 4.55 
6 - 51.1 - 2.59 
     
Mean±SD 32.37±10.20% 52.89±8.80% 3.18±0.83mm2 2.65±1.09mm2 
P=<0.05 P=0.03 P=0.24675 
 
Table 5.7 Mean collagen content and mean macrophage area for all transverse 
sections in each specimen for ruptured (n=5) and non-ruptured (n=6) plaques 
 
Figure 5.14 shows the correlation between the mean macrophage area (mm2) in each 
transverse cross-section and the mean collagen content (%) in the fibrous cap in the 
ruptured (a) and non-ruptured (b) plaque groups. It can be seen that both plaque 
groups have good correlation between the two parameters. The significance of the 
correlations was tested to determine the probability that the observed correlation did 
not occur by chance. The test showed that both correlations were significant 
(p=<0.05). However, it can also be seen that the non-ruptured group has a stronger 
correlation coefficient (r= 0.96), compared with the ruptured group (r=0.86). If the 
presence of macrophage cells was the only contributing factor in causing fibrous cap 
rupture, then it would be expected that the ruptured group would have a higher 
correlation coefficient (r) compared with the non-ruptured group. However this is not 
the case based on the present results and it is suspected that other important factors or 
mechanisms may be present to form a combination in addition to the influence of 
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macrophage cells that is critical in contributing towards plaque rupture. Studies using 
larger numbers of samples are warranted to improve the statistical validity of the 
present findings.     
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       (a)               (b) 
 
Figure 5.14 Scatter plot showing the correlation between the mean macrophage 
area (mm2) and the collagen content (%) for each specimen in (a) ruptured 
(r=0.86) and (b) non-ruptured plaque groups (r=0.96) 
 
Standard Control  
To verify the antibody staining technique, and to prove the stained brown coloured 
region were macrophage cells, a carefully designed experiment was performed. 
Briefly, two tests were carried out, (a) and (b). Both tests followed the step-by-step 
procedure described in chapter 3 (section 3.1.6). Test (a) followed the normal protocol 
(steps 1 to 21); test (b) followed the same steps minus the incubation with the primary 
antibody (step 11). This step was substituted by incubating the section with TBS 
solution. Figure 5.15(a) and (b) show the results for test (b) and test (a) respectively. It 
can be seen from figure 5.15(a) that there is no brown stained region. In the 
corresponding section (figure 5.15(b)), there is positive brown staining indicating that 
the brown coloured regions are macrophage cells.  
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                        (a)                                               (b) 
 
Figure 5.15 Panel (a) shows a cross-section with negative staining, and panel (b) 
shows the corresponding positive stained section incubated with CD68 primary 
antibody indicated by the brown colouring 
 
5.4 Discussion 
The major contributions of this part of the study can be summarized as: 1) 
macrophages occupy a larger area upstream of the plaque throat compared with the 
downstream region in both ruptured and non-ruptured plaque groups; 2) In both 
upstream and downstream regions, the ruptured plaque group has a higher 
macrophage area (mm2) in each transverse section compared with the non-ruptured 
plaque group; 3) macrophage stained regions are found distributed at closer proximity 
to the luminal wall in ruptured plaques compared with non-ruptured plaques, where 
macrophage stained regions are distributed further away from the luminal wall 
boundary; 4) the area occupied by macrophage cells is directly proportional to the size 
of the lipid rich necrotic core and the collagen content.  
 
The presence of immune cells in atherosclerotic plaques has been shown to be a major 
contributing factor for both the progression and destabilisation of the disease, which 
can lead towards plaque rupture and acute ischemic syndromes (Chi Z et al 2007). In 
a recent study, it has been suggested that hemodynamic factors might contribute to the 
Positive 
stained 
region  
Negative 
stained 
region  
Chapter 5 Macrophage Distribution 
135 
 
recruitment of circulating immune cells into the atheroma and therefore might be an 
important player in the destabilisation of vulnerable plaques (Fagerberg et al 2010). In 
the present study, we investigated in transverse sections of carotid plaque the 
macrophage composition of the upstream and the downstream regions, to determine if 
different flow conditions in these regions may affect the local inflammatory response, 
measured by the macrophage content. In addition, we aimed to determine any 
differences in this between ruptured and non-ruptured plaques that may open 
pathways to understanding the rupturing mechanism. 
 
There is a significant difference in the flow conditions at the upstream and 
downstream regions of atherosclerotic plaques (figure 5.5(a)). On the upstream side 
approaching the throat, there is an increase in the flow velocity due to luminal 
narrowing, and as a result, there is a high wall shear stress based on mass 
conservation law. In contrast, on the downstream side, there is an abrupt increase in 
the cross sectional area that causes separation of the flow from the downstream 
arterial wall, resulting in flow reversal, vortices, or possibly oscillatory flow. These 
different types of hemodynamic conditions may induce different configurations of 
arterial wall remodelling. Plaque rupture is more common on the upstream side, either 
at the lateral plaque shoulder or at the midcap region during exertion (Burke et al, 
1999). Rupturing is less common in the downstream region where there is 
predominant plaque growth (Smedby et al, 1997). It was reported in a recent study 
that high shear stress may contribute to plaque rupture at the upstream side, and that 
low shear stress may be responsible for the growth of the plaque at the downstream 
side (Slager et al 2005). A 20 case stress analysis study of in-vivo carotid plaque 
carried out in our group showed that extremely high wall tensile stress is more likely 
to occur upstream of a plaque. If the degree of stenosis of 60% is set as a critical 
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value, 6 out of 7 cases in our study have maximum wall tensile stress occurring 
upstream (Gao H. PhD thesis). The present study shows that not only are upstream 
regions of plaque more likely to have higher wall tensile stress, it also has higher 
contents of macrophage accumulation which will further weaken the local structure 
and make it prone to rupture. By using ultra-small super-paramagnetic iron oxide 
(USPIO)-enhanced MRI, Howarth et al (2007) demonstrated that there is a correlation 
between areas of high stress and macrophage accumulation in carotid plaques. 
 
The structural integrity of the fibrous cap of the plaque and hence its vulnerability to 
rupture depends largely on its content of fibrillar interstitial collagen. A large number 
of studies have focused on proteinases that may degrade interstitial collagen. A 
specialised pathway exists for degrading macromolecules of the extracellular matrix 
which include a group of proteolytic enzymes known as matrix metalloproteinase’s 
(MMP). Interstitial collagenases are involved in the initial stages of collagen 
degradation by cleaving the triple-helical fibrils of interstitial collagen types I, II, and 
III at a single site (Gly775-Leu/IIe776), resulting in fragments that are three quarter 
and one quarter length (Mitchel et al 196l). This process ultimately weakens the 
fibrous cap of the plaque and makes it prone to rupture. These proteinases are largely 
secreted by inflammatory cells including macrophages.  
 
Since macrophage cells are generally found accumulated on the boundary of lipid 
cores, it is interesting to study the quantitative correlation between the macrophage 
area and the lipid core size for both plaque groups. It was found that there was a 
direct proportional relationship between the area of the lipid core and the area 
occupied by the macrophage cells in both plaque groups. A large lipid core correlated 
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with a large accumulation of macrophage cells. The investigation also found that there 
was a difference between the plaque groups in relation to the significance of the 
correlation between the parameters. The non-ruptured plaque group has a significant 
correlation (r=0.98) between the parameters, compared with the ruptured plaque 
group, which was found not to have a significant correlation (r=0.76). It is not clearly 
known why there is this difference. It may be due to the ruptured plaques being at 
advanced stages of the atherosclerosis development process, and as a result there 
could be other factors playing a role in the pathology of the disease progression, other 
than influences from the lipid core alone which would have a more primary role in 
non-ruptured plaques. Although there is no measurement of MMP activity in this 
study, it does show that high levels of macrophage cell accumulations are associated 
with low collagen content. This indirectly suggests that the release of proteolytic 
enzymes such as MMP by macrophages causes the degradation of collagen, and 
therefore demonstrates the role of macrophage cells in plaque structure stability.   
 
Combined analysis of chapters 4 and 5 
In relation to the results in chapter 4, it was found that for both ruptured and non-
ruptured plaque groups, a higher macrophage content in the upstream region 
correlated with a thinner fibrous cap, compared with the downstream region where the 
lower macrophage content correlated with a thicker fibrous cap. Furthermore, 
decreases in the macrophage content from the upstream to the downstream region 
were also found to be correlated with a decrease in the collagen density in the same 
regions for both plaque groups. As it is widely known that macrophage release 
proteolytic enzymes such as MMP can degrade collagen (Deguchi et al 2005), it 
provides an indirect link for the role of macrophages in collagen degradation in the 
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fibrous cap. Fagerberg et al (2010) has shown that the vast majority of plaque ruptures 
occur at upstream regions, and therefore these findings, which have categorised 
plaques into up/downstream regions, and ruptured/non-ruptured plaque groups, may 
help in the biological understanding of rupture mechanisms. It may also help in 
understanding the effects of different hemodynamic conditions on the development of 
an atherosclerotic plaque, and in the risk assessment of plaque rupture.   
 
Figure 5.16 summarises the results from chapters 4 and 5 for the lipid core size, the 
fibrous cap thickness, the collagen content, and the macrophage area in ruptured (red 
crosses) and non-ruptured (blue crosses) plaques, and it has therefore been presented 
here at the end of both chapters (4 & 5). It provides a cross-group comparison of the 
ruptured and non-ruptured plaque (horizontally presented) for the upstream region; 
the downstream region; and the throat region. It also presents the longitudinal 
variations of the parameters (vertically presented).  
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Figure 5.16: Summary of the morphology analysis results from Chapters 4, 5.  
Keys: Red = ruptured group results; Blue= non-ruptured group results; 
Sig=Significant; non-s=Non-Significant; High=++; medium=++; Low=+ 
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Chapter 6 
 
3D Reconstruction of an Arterial Plaque by the Combination of 
Histology and Ultrasound 
 
6.1 Introduction 
The 3D reconstruction of a realistic plaque model would provide not only an 
opportunity for detailed examination of the plaque status but, more importantly, 
models for further study such as computational stress analysis and correlation of 
biological activities to elucidate rupture mechanisms. Analysing plaque geometries 
obtained from medical imaging has proven difficult to reveal the fine details of tissue 
structure changes due to the limited spatial resolution of images. This PhD project is 
part of a larger study of plaque rupture risk in our research group which involves 
plaque stress analysis and ultrasound assessment of plaque vulnerability. It would be 
beneficial for the overall research if the 3D representation of plaques could be 
generated at microscopic levels of accuracy, based on histology section images, to be 
used to perform plaque stress analysis and subsequent correlation of results with 
histology findings. In this chapter, the work that has been carried out to reconstruct 
3D plaque geometry from histological images will be presented, as well as an 
assessment on tissue distortion caused by the histological procedures.  
 
Histology sections of plaque specimens can provide not only high resolution images 
of the plaque (resolution at micron-level), but also accurate tissue definitions of 
different components of the plaque. Furthermore, important plaque features including 
the lipid core, and the fibrous cap etc can be easily identified. Histology sections can 
also reveal other information such as the localisation of specific cell types, which can 
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be used to further refine the 3D plaque model. Structural information such as collagen 
and elastin density can be revealed, which is important when constructing a model for 
stress analysis as varying tissue properties can affect the results. 
 
Histological images have been used for analyzing plaque rupture in recent years in a 
2D manor (Schulte-Altedorneburg G et al 2000). However, there are many potential 
problems of advancing the technique into 3D plaque reconstruction. The major 
problems are (a) registration of the sections in 3D; (b) distortions of the structure 
during tissue processing.  
 
The aim of this part of the study is to develop a procedure for generating a 3D plaque 
geometry model based on histology sections, and address the problems listed above. 
The procedure will be performed on one case. In addition it also quantifies the tissue 
distortion that occurs in the plaque tissue as a result of the histology procedure, which 
will be investigated in 3 cases.  
 
6.2 Method 
To reconstruct the plaque as a 3D image, the most important and difficult step is to 
correct the tissue distortion and generate accurate 2D transverse images. In general, to 
recover image distortion, a set of rules needs to be defined so that every pixel in the 
source image will follow the rule and be mapped to a target image. In this study, an 
ex-vivo ultrasound scan on the carotid endarectomy (CEA) specimen was applied to 
provide plaque specimen 3D geometry information before distortion. Ultrasound 
scans may not be adequate to provide accurate plaque tissue characterisation within a 
plaque; however it is able to provide information such as the location of the luminal 
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and outer walls of the plaque. Regardless of the type of structural distortion that may 
be induced by tissue processing, the wall points on the specimen should remain on the 
walls after histology processing, although the internal point location may change. 
Therefore, by mapping the wall points on the histology section image (source image), 
to the corresponding wall points obtained from the ultrasound images (target image), 
the movement of the internal points can be predicted based on the mechanical stress 
balance equations according to the predefined tissue material mechanical property for 
each plaque component. Finite element simulation will be used to solve the stress 
balance equations and predict the internal point movement to recover the image 
distortion.  
 
To perform a recovery process based on this procedure, there are several objectives 
that need to be achieved. They are as follows: 
a) Register every histology section to the images from the US scan in the 
longitudinal direction and transverse planes; 
b) Segment the images of the histology sections into regions of different plaque 
components, and assign different mechanical properties to the different tissue 
types; 
c) Generate luminal and outer wall contour points mapping relationship between 
source and target images; 
d) Run the FEM simulation on the source image to move the points on the walls 
to the mapping location in the target image. The movement of the internal 
points will define the FEM simulation. 
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For step (c), specific landmarks are required to be identified on the corresponding 
source and target images on the luminal and outer walls to define the starting points 
of the luminal and outer wall contours. Also, it is necessary to uniformly separate the 
wall contours into a fixed numbers of point for both source and target images to 
enable each contour point on the source image to be matched to a corresponding point 
on the target image. The following section will describe the procedure in further 
detail. In addition to plaque geometry 3D reconstruction, the present study will also 
describe the methodology for the quantitative assessment of tissue distortion caused 
by histological processing. The specimen used is a carotid endarectomy which was 
collected from Hillingdon hospital immediately after surgical procedure. The 
specimen has >90% blockage and is from an elderly patient. The collection procedure 
was approved by the local ethics committee.  
 
6.2.1 Ex-Vivo Ultrasound Scan of Plaque Specimen 
Carotid endarectomy (CEA) was performed on patients with carotid plaques, and the 
excised specimen collected the same day, providing fresh samples for analysis. The 
samples were rinsed thoroughly in saline (0.9% NaCl) and then subjected to an ex-
vivo US scan. 
Mechanical Arm: The ex-vivo scan set-up using the mechanical arm is an in-house 
designed equipment that enables the 2D ultrasound probe to travel along a rail at a 
controllable and consistent velocity. The CEA specimens were immersed in a 
container filled with distilled water (figure 6.1). The ultrasound probe is attached to 
the mechanical arm (actuate) and is lowered into the water and positioned directly 
above the beginning of the CEA specimen. The probe travels on a rail that is driven 
by a step motor and is connected to a computer that regulates the motion. As it travels 
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along the rail it collates a series of 2D plane images. The accuracy of the probe 
movement is 8µm/step. 
       
                         (a)              (b) 
 
Figure 6.1 (a) side view and (b) anterior view of the mechanical arm  
 
Figures 6.1 shows photographs of the mechanical arm used to perform the 2D 
ultrasound scan. Panel (a) shows the side-view, and panel (b) shows the anterior-view 
of the mechanical arm. The ultrasound probe is mounted on a rail and is immersed in 
the container (figure 6.1) containing the specimen to be scanned. During the 
experiment, the probe moves at a constant speed which enables the US system to 
record a sequence of 2D transverse images covering the entire longitudinal length of 
the specimen as shown in figure 6.2. After the 2D ultrasound scan using the 
mechanical arm, the specimens were subsequently subjected to histology analysis.  
 
Figure 6.2 Diagram to show the probe movement including the ultrasound scan 
plane, perpendicular to the image plane 
Water bath 
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6.2.2 Histology Analysis  
The standard histology procedure described in section 3.1, and the 3D specimen 
marking system described in section 3.2 were applied to the specimen. Histology 
sections with a longitudinal interval of 0.25mm were obtained throughout the 
specimen. Sections were stained using picrosirius red and H & E. 
 
  
(a)              (b) 
 
Figure 6.3: Photograph of the right side of a 5mm segment (a); and the left side 
of the same segment (b) 
 
6.2.3 Registration of Histology Sections to the US Scan Images  
 
(a) Longitudinal Alignment: The histology sections have a thickness of 6-microns, 
whilst the US images are much thicker. It was therefore necessary to perform a 
registration process to align each histology section to the corresponding US images.  
 
Basic landmarks that can be used:  
• US images from both ends of the specimen should be the same as the images 
obtained of the corresponding sections.  
• US images of the bifurcation apex should be the same as the histology image 
at the same apex position.  
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To precisely correlate each histological transverse-section to the corresponding 
ultrasound cross-section was an almost impossible task. It must be noted that during 
the tissue processing, all the blocks did not contract in length in similar ways. During 
the histology procedure, transverse-sections were cut from each block every 225µm in 
the longitudinal axis; however, this distance would not reflect the actual distance 
between each subsequent 2D section because the sectioning was performed after the 
tissue processing stage which results in tissue shrinkage. It can therefore be seen that 
the distance between the histology sections can only be used as a guide to match the 
ultrasound images to the corresponding histology sections. The longitudinal length of 
each block cut from the CEA specimen before subjecting it to tissue processing was 
measured (figure 6.4). Based on the total number of histology sections that were 
generated from each block through sectioning (Table 6.1), and assuming that the 
longitudinal shrinkage as a result of tissue processing in each block was constant, it 
was possible to determine accurately the distance between subsequent sections. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.4 Image showing the distance of the bifurcation from the beginning of 
the specimen –*identified using the assistance of ultrasound images 
 
Distance from 
bifurcation*  
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The first section was placed by assuming that the first histology section corresponded 
to the ultrasound section that was furthest from the bifurcation (figure 6.4). Starting 
from this section we collated all the other sections knowing that each block was 5mm 
in length, and the corresponding numbers of histology sections for each block (Table 
6.1). The longitudinal location of each 2D transverse image can be obtained by the 
image number.  
 
 
Table 6.1: Total numbers of histology sections generated from each tissue block 
 
(b) Circumferential Registration 
Identification of a landmark on the microscope slide provided a guide to achieve 
circumferential alignment for each section. Rigid rotation was applied to achieve 
circumferential orientation. This involved orientating the histology section to the 
same alignment as the corresponding ultrasound image. An in-house designed 
programme was used for the purpose. Ultrasound images were adjusted accordingly 
to align them with the histology cross-section using the imaging software Paintbrush 
(figure 6.5).   
Block No From section  No To section No Total slices for the block 
1 1 9 9 
2 10 21 12 
3 22 32 11 
4 33 44 12 
5 45 54 10 
6 55 65 11 
7 66 72 7 
 
  Total of 72 sections 
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Figure 6.5: A registered histology section that has been circumferentially aligned 
with the corresponding ultrasound section 
 
2) Image Resizing: This step is performed to resize the images to a suitable size 
using a program developed in MATLAB 7.0. The resizing of the images was 
performed in two steps: 1) the histology cross-section images were adjusted to a size 
of 573 x 430 pixels in width and height, and 2) the corresponding ultrasound images 
were then resized to fit the histology cross-section image.    
 
6.2.4 Segmentation of the Histology Images and Different Mechanical 
Properties of Different Plaque Components  
 
Segmentation of the Plaque Components: Using the same procedure described in 
section 6.2.5 (below), the inner plaque components which could be recognised in the 
source image were segmented (figure 6.6). The components that were segmented 
include the lipid-rich core, the mixed region, which is a combination of fibrous and 
lipid tissues, and the calcified region, which is identified during the sectioning 
process, characterised by its hard nature and the damage it causes to the fibrous tissue 
in its immediate surrounding region, which can be recognized in the histology 
sections. The commands for ANSYS to draw the geometry of the plaques 
components were recorded automatically in a macro file and performed for the outer 
and luminal walls.  
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         (a)         (b)                     (c) 
Figure 6.6 Segmentation of the (a) semi-lipid tissue; (b) the calcified region; and 
(c) the lipid tissue open segmentation 
 
6.2.5 Generation of Luminal and Outer Wall Contour Points Mapping 
Relationship between the Pair of Histology and Ultrasound Images 
 
Images of histological sections were manually segmented on the outer wall and the 
luminal wall by a series of points using a programme in Matlab 7.0. A contour was 
generated to represent each wall by passing through the points. The starting point of 
the contour had to be at a recognisable landmark on the boundaries. The contours 
were then interpolated into a certain number of uniformly distanced points, i.e. 200 
points for luminal wall which has a small perimeter or 500 points on an outer wall 
contour which has a larger perimeter.  
     
(a) (b) 
Figure 6.7 The boundary of the (a) wall source; and (b) the luminal wall 
 
Starting from the same recognisable landmarks on the walls found on the histology 
image (figure 6.7), the luminal and outer walls on the corresponding ultrasound image 
(target image) were also manually segmented and represented by contours. The same 
numbers of points used for the outer wall and luminal wall in the histology image are 
Chapter 6 Plaque 3D Reconstruction 
149 
 
used to mark the ultrasound image (figure 6.8). This enabled us to see any link 
between the two sets of points in the images. It is important to note here that the 
definition of the inner luminal wall location is difficult for this case since the 
ultrasound scan was performed when there was no luminal pressure being applied. As 
a consequence, the lumen contracted into a very small region (the small dark region at 
the lower left of the vessel).  
      
(a)  
(b)  
(c)  
(d)  
(e)  
(f)  
(g)  
 
     (a)           (b) 
Figure 6.8 Images showing (a) the boundary of the outer wall target, and (b) the 
boundary of the luminal wall target 
 
The Displacement Vector for each set of boundary points (the contour points as 
described above) was calculated by mapping the point from the source image to the 
corresponding point on the target image as shown in figures 6.9. The vectors were 
eventually used as boundary conditions in the following FEM simulations. 
      
(a) (b) 
Figure 6.9 Images demonstrating (a) the displacement vector of the wall, and (b) 
the displacement vector of the luminal wall 
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6.2.6 FEM Simulation of Non-Linear In-Plane Registration 
The segmented images (both source and target) were inputted into ANSYS 11 to build 
the numerical mesh with planar elements (PLANE182). It is assumed the plaque 
components have linear, elastic material property for simplicity. The plaque is 
subdivided into four different regions such as fibrous region; lipid core region; mixed 
region (content fragmented collagen and lipid); and calcification region. The material 
properties assigned for each region are presented in table 6.2 based on published 
literature (Baldewsing et al 2005). Parameters that were assessed were Young’s 
modulus and Poisson’s ratio. Young’s modulus is a measure of the stiffness of an 
isotropic elastic material, whilst Poisson’s ratio is the ratio of the fraction of 
expansion divided by the fraction of compression. 
 
 Fibrous Area Lipid Core Mixed Region Calcification 
E [MPa] 106 103 104 109 
ν 0.5 0.3 0.3 0.5 
 
Table 6.2 Material properties applied to the different plaque components 
 
Since there are no measured material properties for the specimens, to assess the 
reliability of the assumed material property to the simulation result, a sensitivity test 
was performed and is explained in detail in the appendix section. This was carried out 
to evaluate the changes that may occur to the results if the material properties for one 
or more of the plaques components were altered. It has not been included here as it 
does not directly support the objectives of this study.   
 
The calculated displacement vector was applied to each contour points of the 
histology image on the outer and luminal walls as a loading condition for FEM 
simulation. The result of this procedure is that the shape of the histology image 
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moulded to the shape of the ultrasound image. With the correct numerical mesh and 
predefined material properties on each mesh point, and the boundary loading 
condition, the FEM simulation is able to provide definition of mechanical stress, 
strain and displacement for each internal mesh point. It is the displacement of the 
internal mesh points that we require for the image registration purpose.  
 
Mapping of the Registered Image: Two (2) text files were extracted using the post 
processor ANSYS 11, one (1) containing coordinates of every node of the mesh in the 
FEM model, and one (1) containing the displacement that every node encounters after 
elastic deformation. This enabled every pixel in the original image to be moved to the 
predicted position after elastic deformation. This process is the remapping of the 
histology image on to the new registered image which finalises the 2D-2D 
registration process and can be seen in figure 6.10 – panel B. After this procedure the 
registered image is matched with the US image (Figure 6.10 – Panel D). It can be 
seen in figure 6.10 - panel C and D how the different plaque components move 
according to the solution of the FEM model. 
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       (a)            (b) 
        
        (c)                     (d) 
 
Figure 6.10 Images demonstrating the (a) solution of the FEM model; (b) the 
mapped image; (c) the source image segmentation; and (d) the target image 
segmentation 
 
After the 2D in-plane registration, the sequence of histology images can then be 
stacked according to the axial coordinate assigned above to build the 3D model. The 
procedure described in section 3.4 is used to reconstruct the 3D model of the plaque. 
 
6.3 Results 
Registered Images Used For 3D Plaque Reconstruction 
If z = 0 was the axial coordinate of the first ultrasound section, 72 sections were 
extracted for the specimen and their z coordinates are shown in table 6.3. 
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 
0 0.6 1.2 1.8 2.4 3.0 3.6 4.2 4.8 5.3 5.7 6.1 6.5 6.9 7.3 7.7 8.1 8.5 8.9 9.3 
21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 
9.7 10 10.5 11 11.5 12 12.5 13 13.5 14 14.5 15 15.3 15.7 16.1 16.5 16.9 17.3 17.7 18.1 
41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60 
18.5 18.9 19.3 19.7 20.2 20.7 21.2 21.7 22.2 22.7 23.2 23.7 24.2 24.7 25 25.5 26 26.5 27 27.5 
61 62 63 64 65 66 67 68 69 70 71 72         
28 28.5 29 29.5 30 35.6 31.2 31.8 32.4 33.0 33.6 34         
 
Table 6.3 Axial coordinate z [mm] of ultrasound sections from number 1 to 72 
 
The above coordinates (table 6.3) were used in the SolidWorks software to construct 
the stack of 2D sections. This formed the basis for the skeleton of the 3D geometry of 
the carotid artery. For the purpose of the 3D reconstruction, only 15 out of the total 72 
sections were used to avoid over definition of the surface details which can cause 
problems with surface generation. The sections chosen were: 1, 5, 9, 14, 18, 23, 29, 
35, 41, 47, 51, 57, 62, 65, and 70. The figure below (figure 6.11) demonstrates the 
results showing the sections that were used in the reconstruction of the model using 
the SolidWorks software. The first (1) column is the histology sections stained with 
picrosirius red and captured using optical microscopy. The second (2) column shows 
the same section captured using polarised light. Due to the limited low magnification 
that was possible using our set-up for polarised light microscopy, more than one 
image is used in certain cases to represent the same section. It can be clearly seen that 
with the use of polarised light, the ability to characterise the tissue in the plaque 
improves vastly. The third (3) column shows the corresponding ultrasound image, and 
the last column (4) shows the results of FEM registration. During the registration 
procedure, histology sections were matched to the corresponding ultrasound sections. 
The registered images in the fourth (4) column were used for the reconstruction of the 
3D plaque model. Please note that in the third column, the luminal wall is difficult to 
identify because of the lack of luminal pressure when the ultrasound (US) scan was 
performed. 
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Figure 6.11: Images used for the 3D reconstruction; First column: H&E stained 
histology section (3X magnification); second column: polarized light microscopy 
image of collagen (40X magnification); third column: associated US image; 
fourth column: co-registrated results 
 
 
6.3.1 3D Reconstruction Results 
 
Figure 6.12 shows a series of histological transverse section of the plaque shown in 
figure 6.15, generated after in-plane FEM registration. The registered histology 
sections (panel 1-11) clearly show the gradual narrowing of the lumen and its 
changing plaque composition progressing over the series of transverse sections.  
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1           2               3        4 
       
5         6               7        8 
     
9         10               11 
Figure 6.12 Examples of plaque histological images after FEM registration. 
Panels 1 to 11 represent a sequence in the plaque marked region (A) in figure 
6.14 
 
Figure 6.13 shows the 3D reconstruction of the CEA model after the in-plane FEM 
and axial registration was carried out. Figure 6.13 (a) shows the 3D reconstruction of 
the specimen. Figure 6.13 (b) shows the 3D reconstruction after extensions of CCA, 
ICA and ECA beyond plaque regions in order to build an entire carotid bifurcation 
which can be used for fluid dynamic simulation purposes. Figure 6.13 (c) shows the 
plaque reconstruction after lofting has taken place using SolidWorks to generate the 
surface of the outer wall, the lumen, and the lipid core boundary.  
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              (a)                                   (b)                                             (c)               
                                         
Figure 6.13 Panel (a) shows the 3D reconstruction of the CEA model. Panel (b) 
shows the geometrical extension to the ICA, ECA, and CCA for fluid dynamic 
simulations. Panel (c) shows the surface of the outer wall, the lumen, and the 
lipid core boundary. (Red: lumen, yellow: lipid core, grey: arterial wall)  
 
Figure 6.14 (a) demonstrates the 2D registered histology images of a plaque stacked 
according to the axial coordinates. Figure 6.14 (b) shows the same image magnified 
to highlight clearly plaque geometry and the gradual changes in geometry between 
subsequent sections. Figure 6.14 (c) shows the reconstructed patient specific 3D 
plaque.  
           
         (a)                   (b)         (c) 
 
Figure 6.14 Image showing (a) the 2D registered histological image of a plaque 
stacked according to the axial coordinates; (b) the magnified region of (A), and 
(c) showing the reconstructed patient specific 3D plaque model  
 
  A 
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Figure 6.15 shows the final outcome of combining 3D ultrasound and histology 
process to generate a high resolution 3D reconstruction of an atherosclerotic plaque. 
Panel (b) shows the 2D stack of the model and panel (a) shows the model without the 
2D stack.  
                          
Figure 6.15 The reconstructed 3-D model of the carotid artery, including the 
arterial wall and lumen. Panel (b) shows the 2D stack used to build the 3D 
model. Panel (a) shows the same model without the skeleton 
 
6.3.2 Histology Distortion Analysis Result 
The histology images shown in this chapter represent significant structural distortions. 
After FEM based correction, it is possible to compare the corrected image with the 
un-corrected image for regions such as the fibrous cap, and lipid core etc. If the 
corrected image represents the original tissue status, then the above comparison result 
can be treated as a measure for quantifying the tissue distortion for the different 
plaque components. The results generated from this part of the study may provide a 
guide to future researchers when interpreting results from histology analysis with 
regards to the structural uncertainties that samples may be subjected to. 
 
         (a)      (b) 
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Although the 3D reconstruction of the atherosclerotic plaque was performed on only 
one case; the quantification of the distortion was performed on three cases. Specimen 
sample 20, 21, and 24 were selected since they have a general geometry and 
morphological characteristics. Firstly, the mean and the standard deviation of ε
 
for 
each parameter of all the samples were evaluated. Geometrical parameters calculated 
are A: region area; p: region perimeter; a and b: region long and short axis; a.r: aspect 
ratio; cir: circularity; deg: (A, p, a, b, deg, a.r, cir) ε value was calculated as:   
1002 ×
−
A
AB
X
XX
=ε  In % 
Where XA, XB represent the value of the parameter X after and before the registration 
procedure respectively. There were 26, 30, and 23 sections analysed for samples 20, 
21, and 24 respectively (total n= 79). Samples 20 and 21 were closed specimens (or 
circumferential intact specimen), whilst sample 24 was an open specimen.  
 
Open specimen: an open specimen has a cut along the longitudinal length of the 
vessel structure as can be seen in Figure 6.16 (a). Closed specimen: a closed 
specimen has a vascular structure that is circumferentially intact along the 
longitudinal length of the vessel as can be seen in Figure 6.16 (b). 
 
    
        (a)            (b) 
Figure 6.16 Panel (a) open specimen; and (b) closed specimen 
 
 
 
 
Longitudinal 
Cut 
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Sample 20 Results (26 Sections) 
 
[%]ε  A  p  a  b  eqd  ..ra  cir  
Outer Wall -24.68±49.99 (26 meas.) 
-12.96±19.38 
(26 meas.) 
-10.09±21.71 
(26 meas.) 
-25.12±17.69 
(26 meas.) 
-16.66±24.70 
(26 meas.) 
-15.53±16.08 
(26 meas.) 
-5.49±41.30 
(26 meas.) 
Lumen -59.97±25.81 (31 meas.) 
-25.84±19.98 
(31 meas.) 
-26.65±21.11 
(31 meas.) 
-36.66±26.74 
(31 meas.) 
-39.67±19.35 
(31 meas.) 
-12.35±30.95 
(31 meas.) 
-
29.87±28.34 
(31 meas.) 
Lipid Core 3.57±85.00 (20 meas.) 
-6.90±31.50 
(20 meas.) 
-17.79±20.38 
(20 meas.) 
7.91±47.17 
(20 meas.) 
-6.05±39.87 
(20 meas.) 
31.25±51.83 
(20 meas.) 
15.06±64.78 
(20 meas.) 
Mixed 
Region 
-40.98±26.46 
(7 meas.) 
-24.34±18.60 
(7 meas.) 
-22.83±20.46 
(7 meas.) 
-20.90±21.34 
(7 meas.) 
-24.60±15.45 
(7 meas.) 
3.60±17.45 
(7 meas.) 
2.73±21.85 
(7 meas.) 
Fibrous Cap -31.86±63.01 (26 meas.) - - - - - - 
Calcification / / / / / / / 
Table 6.4 ε for specimen number 20 
 
 
[%]ε  A  p  a  b  eqd  ..ra  cir  
Outer Wall -29.28±10.07 (30 meas.) 
-13.60±5.67 
(30 meas.) 
-11.25±5.52 
(30 meas.) 
-17.25±4.97 
(30 meas.) 
-16.12±5.94 
(30 meas.) 
-6.65±6.00 
(30 meas.) 
-5.83±3.88 
(30 meas.) 
Lumen -27.55±37.98 (30 meas.) 
-7.75±20.35 
(30 meas.) 
-5.53±21.81 
(30 meas.) 
-8.65±31.68 
(30 meas.) 
-17.16±20.14 
(30 meas.) 
-1.51±32.20 
(30 meas.) 
-18.20±15.28 
(30 meas.) 
Lipid Core -21.03±52.03 (30 meas.) 
-18.47±21.73 
(30 meas.) 
-23.69±14.26 
(30 meas.) 
3.70±54.07 
(30 meas.) 
-14.75±25.57 
(30 meas.) 
-33.45±51.10 
(30 meas.) 
-10.83±31..26 
(30 meas.) 
Mixed 
Region 
-26.08±14.91 
(31 meas.) 
-13.49±17.72 
(31 meas.) 
-17.43±10.64 
(31 meas.) 
-7.35±19.72 
(31 meas.) 
-14.46±8.49 
(31 meas.) 
13.58±26.56 
(31 meas.) 
2.54±23.51 
(31 meas.) 
Fibrous Cap -27.32±26.39 (30  meas.) - - - - - - 
Calcification -10.07±39.70 (4 meas.) 
-8.81±23.32 
(4 meas.) 
-11.76±23.14 
(4 meas.) 
1.35±23.97 
(4 meas.) 
-7.49±23.16 
(4 meas.) 
-15.52±6.10 
(4 meas.) 
2.91±2.89 
(4 meas.) 
Table 6.5 ε for specimen number 21 
 
[%]ε  A  p  a  b  eqd  ..ra  cir  
Outer Wall -69.457±6.76 (23 meas.) 
-38.01±7.40 
(23 meas.) 
-49.46±7.40 
(23 meas.) 
-47.38±5.79 
(23 meas.) 
-45.09±6.39 
(23 meas.) 
5.49±14.37 
(23 meas.) 
-20.09±15.97 
(23 meas.) 
Lumen / / / / / / / 
Lipid Core -78.74±-8.00 (22 meas.) 
-45.14±8.99 
(22 meas.) 
-48.37±11.39 
(22 meas.) 
-49.07±15.47 
(22 meas.) 
-54.69±8.95 
(22 meas.) 
4.95±45.80 
(22 meas.) 
-29.07±23.24 
(22 meas.) 
Mixed 
Region 
/ / / / / / / 
Fibrous Cap -62.80±11.66 (23 meas.) - - - - - - 
Calcification / / / / / / / 
Table 6.6 ε for specimen number 24 
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[%]ε  A  p  a  b  eqd  ..ra  cir  
Outer Wall -39.46±35.06 (79meas.) 
-20.50±16.60 
(79meas.) 
-21.99±22.18 
(79meas.) 
-28.62±16.63 
(79meas.) 
-24.73±19.81 
(79meas.) 
-6.04±14.96 
(79meas.) 
-9.87±25.84 
(79meas.) 
Lumen 
-44.02± 
36.02 
(61 meas.) 
.-
16.94±21.97 
(61 meas.) 
-16.26±23.79 
(61 meas.) 
-22.89±32.28 
(61 meas.) 
-28.60±22.63 
(61 meas.) 
-7.02±31.78 
(61 meas.) 
-24.13±23.44 
(61 meas.) 
Lipid Core -31.83±64.36 (72 meas.) 
-23.40±26.75 
(72 meas.) 
54.59±47.15 
(72 meas.) 
-29.59±19.89 
(72 meas.) 
-24.54±33.68 
(72 meas.) 
24.13±50.70 
(72 meas.) 
-0.18±45.35 
(72 meas.) 
Mixed 
Region 
-28.83±18.11 
(38 meas.) 
-15.48±18.13 
(38 meas.) 
-18.43±12.81 
(38 meas.) 
-9.85±20.43 
(38 meas.) 
-16.33±10.63 
(38 meas.) 
11.74±25.24 
(38 meas.) 
2.58±22.93 
(38 meas.) 
Fibrous Cap -38.84±42.67 (30  meas.) - - - - - - 
Calcification -10.07±39.70 (4 meas.) 
-8.81±23.32 
(4 meas.) 
-11.76±23.14 
(4 meas.) 
1.35±23.97 
(4 meas.) 
-7.49±23.16 
(4 meas.) 
15.52±6.10 
(4 meas.) 
2.91±2.89 
(4 meas.) 
Table 6.7 ε for all three specimens 
 
Histology Distortion Analysis 
The present study assessed the different parameters for shrinkage, including a) the 
outer wall; b) the fibrous area; c) the luminal area; and d) the perimeter. Investigating 
the theoretical background of the shrinkage of a cylindrical vessel may help in 
understanding the results. 
 
Table 6.4 to 6.7 shows the statistical results of the geometric parameter variations 
before and after the FEM based tissue registration. The outer wall is the overall area 
defined by the outer wall boundary. The region between the outer wall and the sum of 
lumen, lipid, mixed and calcification is the fibrous region which has an irregular 
shape and topology. Thus, only the area result is presented for the fibrous cap. In 
comparison to all the parameters, the calcified region has the least change, while the 
luminal area has the largest change in relation to its area and location after histology 
processing.  
 
The calcified region is the hardest tissue in the plaque, and therefore in the FEM 
model the material properties were set accordingly so that there is the least change. 
The findings show that there was 40% shrinkage on average in the overall area for all 
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three specimens analysed. In addition, specimens in which walls were cut 
longitudinally (open specimens) as shown in figure 6.16(a), were subjected to 70% 
shrinkage on average. In comparison, specimens that did not have cuts through the 
wall (closed specimens) as shown in figure 6.16(b), were subjected to 30% shrinkage 
on average. The cuts in the walls are caused during plaque excision. The tensile 
strength of the arterial wall is lost when it is cut, and is therefore subjected to 
increased shrinkage, compared to intact specimens, which maintains wall tensile 
strength.  
 
The shrinkage for the internal components of the plaque was found to be case 
dependent, and is reflected by the large value in the standard deviation (S.D). In 
addition, no significant difference was found in the shape factor for the outer wall 
especially for the closed sample case. However, there was a large variation in the 
shape factor for the internal components of the plaque that includes the lipid core and 
the mixed region.    
 
Validation of the Shrinkage Results for Sample 21 
 
A test was performed to validate the results that were obtained by comparing a 
histology cross-section in which only the fibrous tissue is present with a photograph 
of the same section taken using an optical microscope. Therefore the tissue shrinkage 
obtained from this calculation represents the true shrinkage of the tissue. Sample 21 
was used for the purpose, which was also the one used for the 3D plaque model 
reconstruction. The test was performed on the first histology section corresponding to 
a common carotid artery location upstream of the plaque. The two images were 
compared and the parameters [%]ε were calculated on the difference of a) the outer 
wall; b) the lumen wall; and c) the fibrous tissue. This procedure can be performed 
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when only the fibrous tissue is present, due to the difficulty in defining the lipid 
region in the photograph. Results of the measurements are shown in table 6.8.   
 
[%]2ε  A  p  a  b  eqd  ..ra  cir  
Outer Wall -27.24 -14.51 -15.32 -12.57 -14.70 3.70 -0.46 
Lumen -23.33 -10.42 -13.00 -9.15 -12.52 4.94 -4.17 
Fibrous Cap -32.32 - - - - - - 
 
Table 6.8 Results of the comparison between panel (a) and (b) 
 
Assessment of the shrinkage for the fibrous tissue area was found to be 27.4% (mean 
value) in the FEM analysis (shown in table 6.5); and 32.2% in comparison with the 
photograph as golden standard shown in table 6.8. In both cases the shrinkage was 
approximately 30%, and the results was therefore considered to be reliable. The 
shrinkage of the outer wall for both the FEM and photograph comparison also agreed 
very well (29% in table 6.5 Vs 27% in table 6.8).   
 
6.4 Discussions 
 
The technique of 3D reconstruction of patient specific plaque has been developed in 
recent years by using medical images with limited spatial resolution. The present 
study clearly demonstrates the feasibility of using high resolution histological images 
for material characterization, combined with the geometrical information provided by 
ultrasound to reconstruct 3D arterial plaque more accurately.  
 
As mentioned in the introduction section, the major problem with the procedure is: (a) 
the registration of the sections into 3D; and (b) the structural distortion caused by 
tissue processing. The study shows that with the proposed procedure it is possible to 
construct an accurate 3D model of the plaque for stress analysis purposes. In addition, 
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functional information such as inflammation activities, macrophage distributions 
obtained from immunohistochemical analysis can be inserted directly in to the model.  
The direct comparison of the mechanical stress obtained by FEM stress analysis on 
the model and the biological activities of plaque components will provide critical 
information on the understanding of the arterial remodelling and plaque rupture. In 
the current study, we have developed the procedure and have applied it to one case to 
achieve the 3D reconstructed plaque model. However, the 3D stress analysis was not 
performed during this PhD project period. It may be performed by other researchers 
in the group in the future.   
 
Limitations 
Firstly, the FEM based deformable image registration protocol requires a landmark 
near the outer and luminal walls in the evaluation of the displacement vector. In this 
case study the landmarks were chosen based on visual clues in the image such as 
calcified regions or abrupt curves in the image, and the experience of the individual 
performing the registration. However this procedure can be subjective, and 
inaccurate. The error assessment (appendix A) showed that the registration result is 
highly sensitive to the uncertainties introduced by a wrongly chosen landmark. Future 
studies should incorporate external landmarks introduced during the ultrasound scan, 
and also remain visible in the histology images. It can include the insertion of 
physical landmarks into the specimen to be identified in both ultrasound and 
histology sections.  
 
Secondly, the study accounts for the semi-lipid and lipid regions to be as one entity in 
the 3D model. Simplification was carried out due to the technical difficulties of 
creating the complex lofting (surfaces of the outer wall, luminal wall, and the lipid 
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boundary) required in SolidWorks. The calcified regions were not included in the 3D 
model due to the small area that the region accounted for (<5% of the total area of the 
vessel). However, future improvements in the ability to loft calcified regions would 
enable both a more realistic 3D model to be built, and generate accurate stress 
analysis results.    
 
Thirdly, the study did not perform any investigation using frozen sections 
(cryosectioning) for comparison purposes. Cryosections are not subjected to structural 
distortion as found in conventional histology, caused by the dehydration and re-
hydration steps of tissue processing, and therefore may provide a more accurate 
geometry for 3D model reconstruction purposes. Cryosectioning was not performed 
due to the lack of equipment and expertise available at the time of the study.  
 
Quantitative assessment of the tissue shrinkage caused by histology processing is a 
novel part of this study. Tissue distortion during dehydration processes has been a 
problem for many years. It has less impact if the purposes of the histology analysis are 
purely for tissue recognition and characterization which may be the major outcomes 
of clinical histology study. However, the shrinkage can be a major problem if the 
quantitative value of the size of certain regions is the concern, for example, to study 
the fibrous cap thickness of a vulnerable plaque. Based on our assessment, an 
approximate 30% area shrinkage can be expected for the fibrous tissue. The shrinkage 
value is dependent not only on the characteristics of the tissue and its surrounding 
regions; but is also dependent on the structure of the specimen. A circumferentially 
intact tubing structure (such as a plaque specimen) will have less influence on 
shrinkage than an opened specimen. However, the procedure of image restoration is 
very complex and time consuming and also subject to potential errors. Therefore, it is 
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not realistic to apply the procedure on every image of histology sections at this stage. 
To partially compensate for the influence of the shrinkage to the structural assessment 
result, a region ratio over the section area, which represents a relative value of 
regional size, will be more accurate than the absolute value of region size. This is the 
primary reason that most of the results for the histology analysis in this study are 
presented by the relative values.  
 
Despite the mentioned limitations, the present study shows that it is possible to 
generate a 3D patient specific plaque model using deformable image registration, and 
by addressing the above limitations it would prove to be a powerful tool in the 
assessment of plaque remodelling based on the interaction between biological and 
mechanical factors.    
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  Chapter 7 
 
Plaque Tissue Characterisation Using Ex-Vivo 2D Ultrasound 
 
 
7.1 Introduction 
Ultrasound is cyclic sound pressure that can penetrate a medium and measure the 
reflection signature. The reflection signature can provide data about the inner 
structure of the medium. Therefore, potentially, the ultrasound signal contrast, created 
by the different plaque components may be able to provide information on tissue 
characterisation. The velocity of sound can vary between tissues, depending on the 
health conditions and any mechanical stresses that the tissue may be subjected to. 
 
Due to its non-invasive imaging ability, low cost and easy access, the technique of 
ultrasound imaging is still the most important tool for assessing patient arterial plaque 
status, and providing clinical diagnosis. Large numbers of researches have been 
carried out attempting ultrasound tissue characterization. A study by Altedorneburg et 
al (2000) investigated the diagnostic precision of non-invasive B-mode ultrasound in 
predicting histopathological structures. They found that, in mainly echolucent types 
of plaques, atheromatous debris was most frequently seen, whereas fibrosis was rare. 
The presence of thrombosis on the plaque surface was often seen in completely 
echolucent plaque types. The study concluded that carotid B-mode ultrasonography is 
able to predict the histopathological components and the texture of carotid plaques. 
However, the study presents no histology image data on the positive correlation that 
exists between the ultrasound plaque appearance and the histology of the 
endarterectomy specimen. Another study by Devuyst et al (2005) investigated the 
feasibility and potential clinical implications of measuring the fibrous cap thickness 
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(FCT) of internal carotid artery plaques with a new ultrasound system based on 
boundary detection. They found a strong agreement between ultrasound and 
histology, and the intra observer disagreement was found to be minimal. They were 
also able to demonstrate that symptomatic atheromas had thinner fibrous caps 
compared with asymptomatic plaques, and therefore were able to conclude that 
fibrous cap thickness measurement of the carotid atheroma with ultrasound is 
feasible. However, the study was only based on one case image. The problems for the 
paper were (1) the case image may not be representative of other patients; (2) the 
definition of the fibrous cap was not reliable based on the figure produced in the 
paper. After consulting with several practising sonographers within the NHS, none of 
them accepted that the highlighted region shown in the published figure was fibrous 
cap. We believed that the paper concluded something which was a step too far from 
the data presented.  
 
Based on the progress made in the past on the subject, it is generally believed that 
plaques that demonstrate a homogeneous appearance are stable and are linked with a 
low risk of subsequent ischemic events. On the contrary, plaques demonstrating either 
a heterogeneous or an echolucent appearance are associated with a high risk of 
ischemic neurological events. The typical classification for echogenicity would be a) 
weak; b) intermediate; c) strong. However this can be very subjective and can result 
in high inter- and intra-observer variability. In addition to this, visual observation may 
not be able to extract all the data that is potentially available on a B-mode image.   
 
In in-vivo conditions, the ultrasound signal quality will be influenced by the 
surrounding tissue, moving artery and blood flow. It is found that in-vivo blood flow 
generates backscatter signals which can interfere with image quality. Therefore, the 
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ability to characterise plaque tissue using ultrasound should be better in ex-vivo scans 
with controlled environments. A good understanding of ultrasound characterisation of 
plaque component ex-vivo may provide important information on improving in-vivo 
scan results.  
  
The main objective for this part of the study is to assess ultrasound characterisation of 
plaque in ex-vivo conditions, compared with histology sections of the corresponding 
plaque specimen. This chapter is the summary of preliminary results from this study. 
The study was initiated by the fact that in-vivo ultrasound generally shows poor 
results for tissue characterisation, while for the same plaque, when scanned with an 
ex-vivo set up, the plaque regions show heterogeneous character signals. Our research 
set up allows the patient to be scanned before CEA to gather in-vivo results and after 
the operation enabling the CEA specimen to be scanned to gather ex-vivo results, 
including before fixation. The ex-vivo plaque specimen will then be subjected to 
normal histology analyses. The validation of in-vivo ultrasound versus histology may 
still have a long way to go; however, the validation of the ex-vivo plaque image 
against histology sections is achievable. In this chapter some of the comparison 
results will be demonstrated and analysed.       
 
7.2 Method  
To perform this study, the following methods were applied:- 
a) 2D Ultrasound scan 
b) Histology analysis 
c) An in-house designed programme developed using the MATLAB software 
package for image analysis 
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7.2.1 Ultrasound Scan and Histology Processing 
 
• The procedure for the ultrasound scan using an ex-vivo set up described in 
section 6.2.1 was adapted for this study. 
• Conventional histology analysis procedure described in section 3.1 and used 
in Chapter 4 was performed on the specimen. 
• The longitudinal registration procedure described in chapter 6 is applied to 
provide the matching.  
 
 
7.2.2 Case Studies 
Case Study One (Specimen I) 
Figure 7.1 shows a CEA specimen that was used for the investigation. Figure 7.1(a), 
(b) shows the length (22mm) and the width (5mm) of the specimen respectively; 
Tissue marking dye was applied in the longitudinal direction and was marked at every 
5mm interval to maintain the correct circumferential orientation (c); figure 7.1(d) 
shows the transverse view of the 5mm cut blocks.  
                             
   (a)        (b)                      (c)                 (d) 
 
Figure 7.1 Panel (a) longitudinal length of the CEA specimen; panel (b) the axial 
width; panel (c) tissue marking dye applied to maintain the correct 3D 
orientation; panel (d) transverse view of the cut block from the CEA specimen 
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Figure 7.2 shows the photograph taken of the transverse view of the cut blocks after 
fixation. Figure 7.2 (a) shows a disease free block taken from the common carotid 
artery. Figure 7.2 (b) to 7.2 (d) shows the diseased region of the CEA specimen from 
the common carotid artery (CCA) to the internal carotid artery (ICA). For the purpose 
of this investigation, the second block was selected for the comparison of US image 
and histology, as it demonstrated a typical plaque structure. 
                      
(a)                                     (b)                                    (c) 
                              
                                           (d)            (e) 
Figure 7.2 Panel (a) to (d) shows the transverse view of the cut blocks. Panel (e) 
shows the block that was used for the histology procedure 
 
Case Study Two (Specimen II) 
Figures 7.3 and 7.4 showed another plaque specimen in a similar format as in figures 
7.1 and 7.2. The second block was selected for the comparison between ultrasound 
image and histology, for the same reason as in case I block 2. 
              
(a) (b) 
Figure 7.3 Panel (a) longitudinal view of the CEA specimen highlighting the 
tissue marking dye for 3D orientation purposes; Panel (b) transverse view of the 
cut blocks from the specimen 
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                 (a)                                (b)                                (c) 
              
                 (d)                                  (e)             (f) 
Figure 7.4: Panel (a) to (e) shows the transverse view of the cut blocks. Panel (f) 
shows the block that was used for the histology procedure 
 
7.2.3 Defining the Plaque Components Using Ultrasound (US) 
The tissue characterisation of the plaque components in the US image was carried out 
by using information found in literature. It was used to define the plaque features in 
the 2D plane US images. Validation was carried out using photographs of tissue 
blocks and histology sections to evaluate the feasibility of using ex-vivo US on 
plaque tissue characterisation.    
 
Calcified Regions- Studies have shown that plaques rich in calcium and fibrous 
tissue have echogenic properties. Goncalves et al (2004) found that the echogenicity 
of carotid plaques is mainly determined by their calcium content. This finding was 
used to define high echogenicity regions as calcifications in the plaque. Figure 7.5(a) 
shows a region that has a strong white signal which is associated with calcium 
deposits. Figure 7.5(b) shows the corresponding block photograph highlighting the 
calcified region that validates the calcified region shown in 7.5(a). No staining 
procedure was applied to the block photograph shown in 7.5(b), which was captured 
on the transverse side immediately after cutting the artery into 5mm blocks.   
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 (a)      (b) 
 
Figure 7.5 Panel (a) 2D plane ultrasound image and panel (b) corresponding 
transverse view of the carotid tissue block highlighting the calcified region 
 
Lipid Core- A study by El-Barghouty et al (1996) used digital image processing or 
videodensitometric analysis to characterize B-mode ultrasound images of plaques 
objectively. Using this method the study found the content of the soft tissue (lipid or 
hemorrhage) in the plaque to be associated with a low gray-scale medium value of the 
plaque. In contrast the study found that high fibrous tissue content was associated 
with a high grey-scale value. Figure 7.6 (a) shows a hypoechogenic region (low gray-
scale medium) in a 2D plane of an ultrasound image that is associated with the 
presence of high lipid content. Figure 7.6 (b) is a transverse view of a tissue block that 
demonstrates the presence of the lipid core (arrowed region). In the same geometrical 
location for the corresponding 2D ultrasound image (figure 7.6(a), a low grey-scale 
region is also present (hypoechogenic), confirming the presence of lipid in the 
ultrasound image. 
 
       
(a)          (b) 
 
Figure 7.6 Panel (a) 2D plane of an ultrasound image showing a low grey-scale 
medium region (hypoechogenic); panel (b) showing the corresponding 
transverse view of the carotid tissue block 
 
Calcification (echogenic region) 
Lipid Core (echolucent region) 
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Fibrous Cap- A study by Devuyst et al (2005) investigated the feasibility of 
measuring fibrous cap thickness of internal carotid arteries using ultrasound based on 
boundary detection by dynamic programming. The study defined the fibrous cap as a 
hyperechogenic structure that on high-resolution B-mode imaging displayed strong 
echoes. The fibrous cap covered an area of high echolucency or weaker echoes that 
corresponded to the accumulation of lipid (lipid core). Figure 7.7(a) is an ultrasound 
image showing a region of a fibrous cap highlighted by the hyperechogenic region. 
Figure 7.7(b) is the corresponding histology cross-section validating the 
hyperechogenic region in figure 7.7(a) is the presence of a fibrous cap. Figure 7.7(c) 
shows a polarised light image of the histology cross-section in figure 7.7(b,) further 
validating the presence of the fibrous cap. The difference in the colour and contrast 
observed do not denote tissue loss, as this is due to differences in collagen types, 
density, and due to non-collagenous material.  
                
(a)        (b)              (c) 
Figure 7.7 Panel (a) 2D ultrasound image highlighting the fibrous cap; panel (b) 
the corresponding histology cross-section; and panel (c) the corresponding 
polarised light image 
 
7.2.4 Segmentation of Plaque Components (area calculation) 
A manual segmentation procedure of the plaque components was performd to obtain 
the area data. This procedure was applied to the ultrasound images (figure 7.8) and the 
histology images (figure 7.9). The programme was developed using MATLAB, and is 
different to the programme used for the plaque 3D reconstruction in chapter 6 
Fibrous Cap 
(hyperechogenic region) 
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        (a)                               (b)                  (c) 
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                   (d)                          (e) 
Image 7.8 Manual segmentation of an US image (a) outer wall; (b) luminal wall; 
(c) lipid core; (d) fibrous cap; and (e) the geometry of all the components 
 
         
          (a)           (b)                 (c) 
                          
500 1000 1500 2000 2500 3000
200
400
600
800
1000
1200
1400
1600
1800
2000
2200
 
(d)                 (e) 
 
Figure 7.9 Manual segmentation of a histology image (a) outer wall; (b) luminal 
wall; (c) lipid core; (d) fibrous cap; and (e) the geometry of all the components. 
*as this is a 2D plane from a 3D structure, it was revealed that this is not part of the lipid core, and 
was therefore not included in the segmentation 
 
7.2.5 Statistical Analysis 
For all statistical analyses, a computer software application using MATLAB to 
perform independent Mann-Whitney Test (two-tailed) to evaluate the difference 
Outer wall 
Luminal wall 
Lipid core 
Fibrous cap 
Outer wall 
Luminal wall 
Fibrous cap 
Lipid core 
* see caption  
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between the methods for each parameter was used.  Data were expressed as 
Mean±SD. The differences in the methods to determine agreement and whether the 
methods could be used interchangeably were assessed using Bland-Altman plots. A 
Bland-Altman plot (Difference plot) is a method of data plotting used in analysing the 
agreement between two different assays. In the clinical field, comparison of a new 
measuring technique with an established method is often required to see if they agree 
sufficiently for an existing method to be replaced by the new method. Investigators 
often use correlation coefficients to compare these methods; however this can be 
misleading as a high correlation does not mean that the two methods agree, due to the 
fact that a change in the scale of measurement does not affect the correlation; 
however it does effect the agreement. The extent of the agreement between the two 
methods is dependent on the amount of difference there is. If the difference is not 
sufficient to cause problems in clinical interpretations, then the proposed method can 
replace an existing technique. In the present study the Bland-Altman plot was used to 
compare ex-vivo ultrasound and histology to see the level of agreement for plaque 
tissue characterisation. A probability value of p=<0.05 was considered statistically 
significant. 
 
The following section compares the area of the plaques tissue components in the 2D 
ultrasound plane, with the corresponding tissue block image to evaluate the level of 
agreement for the area of the plaque component in the two sets of image.  
 
7.3 Results 
 
One of the most difficult parts of ultrasound tissue characterization is image 
segmentation, or how to decide which areas are lipid and others fibrous tissues etc. As 
described in the methods section, manual segmentation was used in the study to 
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enhance the accuracy. However, the main problem with manual segmentation is the 
intra-operator reproducibility. Therefore, segmentation reproducibility is the first to 
be tested in the study. 
 
7.3.1 Inter-Operator Segmentation Repeatability Test 
The present study determined the inter-operator segmentation repeatability of the 
percentage variation for the components in a plaque tissue from ultrasound images of 
varying contrast in 4 images (figure 7.10), selected based on the image quality or the 
level of difficulty, once each by 4 independent observers. The parameters that were 
measured on the ultrasound (US) image were a) the lipid core area; b) the fibrous cap 
area; and c) the luminal wall area. The results of ratio of the measured areas against 
the outer wall area were presented. 
 
LIPID CORE AREA FIBROUS CAP AREA LUMINAL AREA 
observer Image Number Image Number Image Number 
 1 2 3 4 1 2 3 4 1 2 3 4 
 
            
1 23.18 19.84 18.60 18.83 n/a 4.35 4.21 5.83 15.29 12.05 15.52 31.61 
2 20.24 30.76 18.64 21.90 n/a 8.53 6.62 8.95 14.57 12.56 15.58 31.80 
3 18.98 22.90 18.61 19.99 4.78 4.57 3.78 6.85 17.65 11.15 15.43 31.42 
4 11.94 10.97 18.40 20.19 2.48 4.94 5.09 7.19 15.05 10.97 15.62 31.11 
Mean 
±SD 
18.57 
±4.77 
24.30 
±4.42 
18.56 
±0.11 
20.23 
±1.27 
3.63 
±1.63 
5.60 
±1.97 
4.92 
±1.25 
7.21 
±1.30 
15.64 
±1.37 
11.68 
±0.75 
15.54 
±0.08 
31.48 
±0.29 
 
            
*SD(SQRT) 22.75 19.54 0.01 1.61 2.66 3.88 1.56 1.69 1.88 0.56 0.0064 0.0841 
*SUM 43.91 9.79  2.53 
Mean(M) 10.98 2.45 0.63 
(zeta)w 
(measurement 
error) 
3.31 1.57 0.80 
Repeatability 9.18 4.33 2.20 
Overall Mean 19.62 4.89 18.59 
Repeatability 
% to Mean 0.47 0.89 0.12 
 
Table 7.1 Inter-observer repeatability data for the lipid core, fibrous cap, and 
the luminal area carried out by 4 observers 
 
Table 7.1 shows the inter-operator segmentation repeatability for the area ratio for the 
lipid core, fibrous cap and luminal area against the plaque area for the four images by 
four different operators. It can be seen from the table that the measurement error, 
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(zeta) w ( )/( 2 nsqrtw ∑= σ , where σ is the standard deviation, n is the sample size), 
for the lipid core, fibrous cap, and luminal area is 3.31, 1.57, and 0.80 respectively. 
Alternatively the measurement error can be presented as the “repeatability” which is 
defined as 2.77 * the measurement error (Bland J et al 1996). The difference between 
two measurements by different observers for segmenting the lipid core, fibrous cap 
and luminal wall for the same image is expected to be less than 9.18%, 4.33%, and 
2.20% respectively for 95% of pairs of segmentation.  
    
(a)                   (b) 
    
(c)           (d) 
Figure 7.10 Images (a) to (d) shows the 2D Ultrasound Plane Used in Test 
Number 1-4 for the Reproducibility Test 
 
7.3.2 Comparison of Ultrasound Image and Block Photograph  
The photographs of the transverse view of the plaque provide the golden standard of 
the tissue outer and inner wall since there is no tissue shrinkage at this stage. Due to 
the tissue residual stress, the tubing structure maybe subjected to buckling when 
cutting the specimen into 5mm segments which can be seen in figure 7.11 b-1 and b-
2. The lipid region may be difficult to derive from photographs without staining. This 
section presents the result of the comparison between the US image and the block 
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photograph. Two CEA specimens were studied (case I and II). Photographs were 
taken in the transverse view for each block and then compared with the corresponding 
transverse view of 2D ex-vivo ultrasound image (figure 7.12).   
 
Case I 
Before tissue processing had taken place, a photograph was taken of the cut block 
using a 3X table microscope. The block photograph was then compared with the 
corresponding 2D ultrasound plane image. 
    
   (a)-1          (a)-2           (b)-1        (b)-2 
    
   (c)-1     (c)-2                        (d)-1         (d)-2 
     
Figure 7.11 2D plane ultrasound images (1) and the corresponding carotid tissue 
block images (2) (3X magnifications) 
 
Figure 7.11 shows the carotid tissue block (Panel (a)-2 to (d)-2, and the 
corresponding 2D ultrasound planes (Panel (a)-1 to (d)-1 for all four 5mm block 
segments. For the purpose of the study the block in panel (b)-2 for the following 
histology analysis was used, and all four blocks for the ultrasound and block 
photograph comparison. 
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Segmentation of Plaque Components for (b)-2 
 
Figure 7.12 shows the region segmentation in which the region boundaries were 
marked as red for demonstration for both US images and tissue block photos. 
 
   
(A)               (B) 
   
(C)             (D) 
   
(E)                (F) 
   
(G)             (H) 
 
Figure 7.12 Boundary marking of the plaque components in the tissue block and 
corresponding ultrasound images: Panel (A)-(B) the outer wall; Panel (C)-(D) 
the lumen; Panel (E)-(F) the lipid core; Panel (G)-(H) the fibrous cap. (3X 
magnification) 
 
From this figure (7.12), it can be seen that the outer and luminal walls are easily 
identifiable by their clear boundaries. The lipid core (LC) region for the ultrasound 
image (F) is identified by the darker signal relative to the surrounding tissue. The soft 
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material of lipid enables sound waves to pass through it easily giving it its 
echolucency properties.   
 
The lipid core in the block photograph can be clearly identified as a yellow region 
corresponding to the ultrasound image dark echolucent region. Figure 7.12(G) 
demonstrates the fibrous cap which can be identified clearly by the colourless region 
between the lumen and the lipid core. The ultrasound image in 7.12(H) highlights the 
corresponding fibrous cap which is identified by a very thin echo-rich layer. The 
fibrous cap is usually identified by the tissue that is found in-between the segmented 
luminal wall and the lipid core, which are more readily identifiable. For this case, the 
fibrous cap lacked sufficient fibrous tissue and therefore this region appeared darker, 
and was therefore difficult to identify. There are no identifiable calcified regions in 
any of the blocks studied.  
 
Table 7.2 shows the quantitative assessment of the agreement between the photograph 
and ultrasound images for the 4 blocks. It gives the measurement results of both 
methods for the different regions as well as the differences between the two methods. 
In addition, the mean measurement value of the region, the mean value and standard 
deviation of the difference between the two method measurement results were also 
presented.   
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  Plaque Components 
Luminal Wall Lipid Core Fibrous Cap Block 
Number Photo US diff. Photo US diff. Photo US diff. 
  
                  
1 81.3 85.9 -4.6 n/a n/a n/a n/a n/a n/a 
2 31.8 24.4 7.4 30.07 29.17 0.9 9.3 8.18 1.12 
3 20.7 24.6 -3.9 39.34 35.17 4.17 12.19 9.41 2.78 
4 10.2 12.5 -2.3 49.34 43.47 5.87 8.95 6.23 2.72 
*mean 36.00  39.58  10.15  
**d  -0.85  3.65  2.21 
***s  5.58  2.53  0.94 
 
Table 7.2 Comparison of the different plaque component areas (%) using 2D 
ultrasound and the carotid tissue blocks (case I) *: mean measurement value of 
both methods; ** mean value of measurement difference; *** standard 
deviation of the measurement difference 
 
It can be seen from table 7.2 that for the luminal wall data the mean difference and 
standard deviation of the difference was d=-0.85% and s=5.58% respectively, the 
range of the difference will be -12% to 10%. According to the d and s value for the 
different regions (table 7.2), the range for lipid core, and fibrous cap area are about -
1% to 9%, and 0% to 4% respectively. Comparing the mean value and the associated 
error margin range for the area for lumen, lipid core, and fibrous cap area as: lumen: 
36.00% (-12% to 10%); lipid core: 39.58% (-1% to 9%); and fibrous cap: 10.15% 
(0% to 4%); it is clear that the agreement for fibrous cap region is not acceptable. The 
error ranges are slightly larger than half of the measurement value for luminal area 
and about a quarter for lipid core region. 
 
The Bland-Altman plots in figure 7.13 show distributions of the difference between 
the two methods with the measurement value of (a) luminal wall area; (b) lipid core; 
and (c) the fibrous cap area. It can be seen that there is no obvious relationship 
between the differences and the mean measurement values for the three results but 
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these may be more obvious with an increased sample number. Under these 
circumstances the lack of agreement can be analysed by calculating the bias, 
estimated by the mean difference “d”, and the standard deviation of the differences 
“s” for each parameter. If the differences are normally distributed (Gaussian), 95% of 
measurement differences will lie between the limits of d - 2s and d + 2s according to 
the sample size and t value table. 
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        (c) Fibrous cap 
Figure 7.13: Bland and Altman Plot obtained from 4 paired samples of case I 
analyzed from block photo and ultrasound images of (a) the luminal wall; (b) the 
lipid core; and (c) the fibrous cap area. The solid line represents the mean bias, 
with 95% CI defined by the dotted lines 
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Case II  
 
Figure 7.14 (a)-2 to (c)-2) shows the carotid tissue block, and the corresponding 2D 
ultrasound (US) planes (panel (a)-1 to (c)-1) for all three 5mm block segments. As 
previously mentioned, for the purpose of the study the block in panel ((b)-2) was used 
for the analysis. Figure 7.15 shows the boundary marking of the plaque components 
in the tissue block and corresponding ultrasound (US) images.  
    
(a)-1    (a)-2            (b)-1         (b)-2 
  
               (c)-1     (c)-2      
 
Figure 7.14 Images showing the 2D ultrasound plane image (1) and the 
corresponding carotid tissue block image (2) (5X magnifications) 
 
Segmentation of Plaque Components for (b)-2 
 
The lipid region can be clearly seen in the photograph (Figure 7.15(e)), and the 
echolucency in the lipid region for the ultrasound image (7.15(f)). The echolucent 
region was used as a guide to mark the boundaries of the lipid core. Figure 7.15(g) 
and 7.15(h) show the segmentation of the fibrous cap for the tissue block photograph 
and ultrasound images respectively. The fibrous cap (fc) in the ultrasound image has a 
thin strip of echogenic region characterised by the light region found between the 
echolucent lipid core (dark region) and the lumen. Figure 7.15(b-2) shows a 
magnified region of 7.15(b) highlighting the boundary between the lipid core (A) and 
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the fibrous tissue (B). The difference in the grey-scale which defines the two 
components can be clearly seen. The plane of this section was at the plaque 
bifurcation region, and is indicated by the red arrow in figure 7.15 (d-2)  
 
        
         (a)             (b)                 (b-2) 
        
          (c)             (d)                                    (d-2) 
    
(e) (f) 
    
          (g)          (h) 
 
Figure 7.15 Image showing the boundary marking of the plaque components in 
the tissue block and corresponding ultrasound images: panel (a)-(b) the outer 
wall; panel (c)-(d) the lumen; panel (e)-(f) the lipid core; panel (g)-(h) the fibrous 
cap. Panel (b-2) highlights the grey level contrast between fibrous tissue (B) and 
the lipid content (A) – (3X magnification) 
 A     B 
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Table 7.3 (below) shows the quantitative assessment of the agreement between the 
photograph and ultrasound images for the 5 blocks. It gives the measurement results 
of both methods for different regions as well as the differences between the two 
methods. In addition, the mean measurement value of the region, the mean value and 
standard deviation of the difference between the two method measurement results 
were also presented.  
 
 PLAQUE COMPONENTS 
Luminal Wall Lipid Core Fibrous Cap Calcification Block 
Number Photo US diff Photo US diff Photo US diff Photo US diff 
1 36.6 32.2 4.4 12.1 10.6 1.5 13.9 8.9 5 n/a n/a n/a 
2 27.9 24.1 3.8 25.5 19.4 6.1 12.0 10.5 1.5 n/a n/a n/a 
3 2.7 2.2 0.5 31.7 36.2 -4.5 13.5 9.7 3.8 10.1 12.81 -2.7 
4 3.0 2.7 0.3 51.7 43.8 7.9 3.9 4.0 -0.1 21.6 28.8 -7.2 
5 2.1 1.9 0.2 61.2 51.6 9.6 2.9 3.5 -0.6 20.2 26.5 -6.3 
*Mean  13.54  34.4  8.3  20  
** d  1.84  4.12  1.92  -5.4 
***s  2.07  5.69  2.43  2.38 
 
Table 7.3 Comparison of the different plaque component areas (%) using 2D 
ultrasound and carotid tissue blocks (case II) *: mean measurement value of 
both methods; ** mean value of measurement difference; *** standard 
deviation of the measurement difference 
 
It can be seen from table 7.3 that for the luminal wall data the mean difference and 
standard deviation of the difference was d=1.83% and s=2.05% respectively, the 
range of the difference will be -2% to 6%. According to the d and s value for the 
different regions (table 7.3), the range for lipid core, fibrous cap and calcified area are 
about -7% to 16%, -3% to 7% and -10% to 0.7% respectively. Comparing the mean 
value and the associated error margin range for the area for lumen, lipid core, fibrous 
cap and calcification area as: lumen: 13.6% (-2% to 6%); lipid core: 34.4% (-7% to 
16%); fibrous cap: 8.3% (-3% to 7%); calcification: 20% (-10% to 0.7%), it is clear 
that the disagreement between the two methods for fibrous cap region was large, 
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while for the other regions, the agreement for the two measurements were very 
similar. The error ranges were slightly larger than half of the measurement values.  
 
The Bland-Altman plots in figure 7.16 show distributions of the difference between 
the two methods with the measurement value of (a) luminal wall area; (b) lipid core; 
(c) the fibrous cap and (d) the calcified area. It can be seen that there is no obvious 
relationship between the differences and the mean measurement values for the four 
results. Similar analysis of the lack of agreement test as used in case I can be carried 
out. 
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Figure 7.16 Bland and Altman Plots obtained from 4 paired samples of case II 
analyzed from block photo and ultrasound images of (a) the luminal wall; (b) the 
lipid core; (c) the fibrous cap area; and (d) the calcified area  
 
(a) Lumen area (b) Lipid core 
(c) Fibrous cap (d) Calcification 
Chapter 7 Ultrasound Plaque Tissue Characterisation  
189 
 
7.3.3 Comparison of Ultrasound and Histology Image 
A visual assessment was conducted on the US images using the corresponding 
histology sections as the gold standard to characterise the different plaque 
components. For the lipid core the observations carried out demonstrate that there is a 
very good qualitative agreement in characterising the lipid core based on ex-vivo 2D 
US imaging, confirmed by histological analysis. The lipid core is easily identifiable 
as an echolucent structure surrounded by fibrous tissue which is echogenic. For the 
fibrous cap there is also a qualitative agreement, however in comparison to the lipid 
core the agreement is much lower. The fibrous cap is an echogenic structure that can 
be visually observed between the echolucent lipid core and the lumen. However, due 
to the resolution which can be currently achieved using US, the qualitative 
characterisation of the relatively thin fibrous cap is difficult. In the following section, 
a detailed quantitative analysis will demonstrate the agreement of the geometric sizes 
for plaque components between ultrasound and corresponding histology images.  
 
The figure below (figure 7.17) presents the paired images of the US (left panels) and 
the histology images (right panels) including both the segmentation results. The first 
set of images relates to case I and the second set of image relate to case II. 
 
Case I 
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Figure 7.17 Panels (a) and (c) shows images of the 2D serial ultrasound (US) and 
corresponding histology planes respectively, and panels (b) and (d) show the 
geometries of the two sets of images respectively 
 
 
Table 7.4 presents the quantitative measurement results of the regional area from both 
methods for the 10 sections. It gives the measurement results of both methods for 
different regions as well as the differences between the two methods. In addition, the 
mean measurement value of the region, the mean value and standard deviation of the 
difference between the two method measurement results are also presented.  
 
 
Lipid Core Fibrous Cap Luminal Wall Section 
Number US His  US His  US His  
1 18.81 29.19 -10.38 8.87 6.05 2.82 30.94 31.83 -0.89 
2 17.81 25.55 -7.74 6.89 9.23 -2.34 29.45 32.87 -3.42 
3 16.83 20.93 -4.1 9.91 9.92 -0.01 31.31 34.90 -3.59 
4 17.78 8.93 8.85 10.12 9.37 0.75 31.81 37.20 -5.39 
5 17.24 7.16 10.08 10.01 9.04 0.97 30.93 39.02 -8.09 
6 11.75 4.80 6.95 10.23 10.01 0.22 31.96 41.50 -9.54 
7 13.27 2.52 10.75 9.75 10.96 -1.21 32.22 44.11 -11.89 
8 2.56 2.78 -0.22 4.62 11.31 -6.69 33.98 48.51 -14.53 
9 0 1.64 -1.64 0 10.30 -10.3 44.32 51.63 -7.31 
*mean 12.2 
 
8.7 
 
36.6 
 
P=value p=0.72 
 
p=0.27 
 
p=0.0078  
Mean±SD 12.9±
6.99 
10.43±
10.68 
 
7.82± 
3.49 
9.51± 
1.45 
20.3±2
1 
32.99
±4.42 
41.84± 
8.36 
 
**d  1.39  -1.75  -7.18 
***s  8.01  4.18  4.36 
 
Table 7.4: Comparison between 2D ultrasound and corresponding histology 
images for characterising the lipid core, fibrous cap, and luminal wall, *mean 
measurement value of both methods; **mean value of measurement difference; 
***standard deviation of the measurement difference. All figures in % 
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For the luminal wall data (table 7.4), the mean difference and standard deviation of 
the difference was d=-7.18% and s=4.36% respectively, the range of the difference 
will be -16% to 2%. According to the d and s value for the different regions (table 
7.4), the range for lipid core, and fibrous cap area are about -15% to 17%, and -10% 
to 7% respectively. Comparing the mean value and the associated error margin range 
for the area for lumen, lipid core, and fibrous cap area as: lumen: 36.6% (-16% to 
2%); lipid core: 12.2% (-15% to 17%); fibrous cap: 8.7% (-10% to 7%); the 
agreement for both lipid core and fibrous cap region are very poor, while for luminal 
region, the error range is slightly larger than half of the measurement values. 
 
The Bland-Altman plots in figure 7.18 show distributions of the difference between 
the two methods with the measurement value of (a) lipid core area; (b) fibrous cap 
area; and (c) the luminal wall area. Again, the relationship between the differences 
and the mean measurement values for the three results were weak. The present study 
adapted the same statistics analysis procedure used in previous section to determine 
the range of agreement between the two measurement methods. 
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                           (a) Lipid core                               (b) fibrous cap 
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             (c) Luminal wall 
 
Figure 7.18: Bland and Altman Plots obtained from 9 paired samples of case I 
analyzed from histology and ultrasound images of (a) the lipid core area; (b) the 
fibrous cap area; and (c) the luminal wall area. The solid line represents the 
mean bias, with 95% CI defined by the dotted lines  
 
The mean difference (d) between the two methods (histology and ultrasound) for the 
lipid core, fibrous cap, and luminal wall is 1.39%, -1.75% and -7.18% respectively. 
The luminal wall has the largest mean difference (7.18%) between the two methods 
because it is subjected to an enlargement as a result of tissue shrinkage caused by 
tissue processing during histology. The fibrous cap has the poorest agreement or 
largest difference range between the two method measurements. Although it is an 
echogenic structure, the grey-medium contrast it generates is not clearly visible as it 
is a relatively thin structure, which the resolution on ultrasound is unable to resolve. 
The difference range for lipid core measurement between the two methods is also 
very large, although visual examination shows very good qualitative agreement 
between the US and histology for lipid core. In all the US images (100%) which have 
an echolucent region, there is also a lipid core confirmed in the corresponding 
histology image. Conversely, most of the lipid core regions found in histology images 
shows echolucent regions in the corresponding US image, except a few images which 
have very small lipid core regions shown by histology. This is because it is an 
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echolucent structure that is larger in size (7 out of the 10 sections analysed consisted 
of a large lipid core), and therefore the resolution on the ultrasound did not inhibit the 
image quality. As a result it generated a clearer grey-scale contrast enabling a more 
accurate tissue characterisation. Nonetheless, the range of the difference for the lipid 
core region measurement between the two methods was very large. Quantitative 
ultrasound plaque region detection is not accepted based on this case study. However, 
the qualitative agreements between the two methods were good for lipid core 
detection. In addition, it must be noted that although the histology sections are 
subjected to shrinkage, it was not important for this study as the area data calculated 
for the plaque components was a ratio of the overall plaque area as a percentage (%).  
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         Panel (a)         Panel (b)                    Panel (c)                    Panel (d)   
               
Figure 7.19 panels (a) and (c) shows images of the 2D serial ultrasound (US) and 
corresponding histology planes respectively, and panels (b) and (d) show 
the geometries of the two sets of images respectively 
 
Table 7.5 shows the quantitative assessment of the agreement between the histology 
and ultrasound images for the 10 transverse sections. It gives the area measurement 
(%) results of both methods for different regions as well as the differences between 
the two methods. In addition, the mean percentage value of the region, the mean 
Chapter 7 Ultrasound Plaque Tissue Characterisation  
196 
 
value and standard deviation of the difference between the two methods were also 
presented.  
Lipid Core Fibrous Cap Luminal Wall Section 
Number US His diff US His diff US His diff 
  
  
      
3 12.29 16.04 -3.75 4.48 8.64 -4.16 19.42 32.06 -12.64 
4 19.05 15.54 3.51 6.07 8.57 -2.5 19.06 32.67 -13.61 
5 19.66 17.23 2.43 4.33 8.96 -4.63 19.40 31.82 -12.42 
6 11.54 14.57 -3.03 4.61 9.96 -5.35 17.34 32.87 -15.53 
7 14.99 15.45 -0.46 3.11 9.52 -6.41 17.30 29.47 -12.17 
8 10.99 14.48 -3.49 4.87 9.84 -4.97 17.98 31.80 -13.82 
9 18.80 15.64 3.16 5.59 8.79 -3.2 16.04 30.78 -14.74 
10 17.76 15.65 2.11 5.40 10.16 -4.76 11.16 29.00 -17.84 
*mean 15.635  4.8075  17.2125  
p=value p=0.87848 
 
p=0.0001554 
 
p=0.0001554  
Mean±SD 15.63 
±3.63 
15.58 
±0.86 
 
4.81 
±0.91 
9.31 
±0.64 
 
16.46 
±2.72 
31.31 
±1.43 
 
**d  0.06  -4.50  -14.10 
***s  3.12  1.22  1.91 
 
*All figures shown are expressed as percentages (%) 
Table 7.5 Comparison between 2D ultrasound and corresponding histology 
images for characterising the lipid core, fibrous cap, and luminal wall (case II) 
*mean measurement value of both methods; **mean value of measurement 
difference; ***standard deviation of the measurement difference 
 
For the luminal wall (table 7.5) data, the mean difference and standard deviation of 
the difference was d=-14.10% and s=1.91% respectively, the range of the difference 
will be -18% to -10%. According to the d and s value for the different regions (table 
7.5), the range for lipid core, and fibrous cap area are about -6% to 6%, and -7% to -
2% respectively. Comparing the mean value and the associated error margin range for 
the area for lumen, lipid core, and fibrous cap area as: lumen: 17.21% (-18% to -
10%); lipid core: 15.64% (-6% to 6%); fibrous cap: 4.81% (-7% to -2%); it is clear 
that the agreement for fibrous cap and luminal region are not acceptable, while the 
agreement between the two measurements for the lipid core region, is marginally 
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improved. Although the difference ranges are smaller than case I study, it is clear that 
the two methods cannot be interchangeable.  
 
The Bland-Altman plots in figure 7.20 show distributions of the difference between 
the two methods with the measurement value of (a) lipid core area; (b) fibrous cap 
area; and (c) the luminal wall area. It can be seen that there is no obvious relationship 
between the differences and the mean measurement values for the three results. 
Therefore, the same statistical analysis used in case study one for photograph 
comparisons (Table 7.2 and Figure 7.13) is adapted to analyse the difference ranges 
for different regions.  
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    (c) Luminal wall area  
 
Figure 7.20: Bland and Altman Plots obtained from 9 paired samples of case II 
analyzed from histology and ultrasound images of (a) the lipid core area; (b) the 
fibrous cap area; and (c) the luminal wall area. The solid line represents the 
mean bias, with 95% CI defined by the dotted lines 
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7.3.4 Image Segmentation Repeatability Study 
The findings on the repeatability suggest that the luminal wall can be characterised 
well, with a 2.20% difference between measurements by different observers for the 
same image. This is because the texture of the fibrous tissue and lumen which borders 
the luminal wall are significantly different, resulting in the ultrasound signal 
generating a clear boundary to distinguish the luminal wall. The measurement 
repeatability for the fibrous varied by 4.44%, which can be considered to be 
reasonably good. However, between the three regions that were investigated, the lipid 
core showed the greatest difference between the two sets of segmentation 
measurements (9.18%), nonetheless it may still be considered good for tissue 
characterising purposes. The large measurement error (9.18%) may be caused by the 
fact that although the lipid core is an echolucent structure, the boundary of the lipid 
core is less well defined. The boundary region has overlapping lipid (echolucent) and 
fibrous tissue (echogenic) which generates a blurred signal. This makes it difficult to 
characterise the lipid core accurately. 
 
7.4 Discussion & Conclusion 
The risk of cerebral ischemia is strongly related to the degree of stenosis in the 
internal carotid artery. Other additional factors which are indicative of an increased 
likelihood of stroke are evidence of a thin fibrous cap shown by an echogenic region, 
as well as low echogenicity caused by the presence of a lipid core (De Bray JM et al 
1997). In previous investigations, the primary focus was aimed at comparing 
sonographic and pathoanatomic findings related to intraplaque haemorrhage and 
plaque ulceration (Imparato AM et al 1983, Droste DW et al 1997). The ability of 
ultrasound to image other important pathological features of atherosclerotic plaques 
has not been investigated systematically or in a complete way. In this chapter, 
Chapter 7 Ultrasound Plaque Tissue Characterisation  
199 
 
comparison of ex-vivo ultrasound images of carotid plaques with the corresponding 
histology images was performed to assess if the difference in the image contrast has 
any meaningful result in relation to plaque tissue characterisation.  
 
Based on the four cases studied (two cases for photograph (pre-tissue processing) and 
two cases for the histology), it was found that the agreement of ultrasound with the 
corresponding photograph is better than the agreement with histology. The reason for 
this is because the block photograph of the plaque and the ultrasound image was taken 
before tissue processing and it therefore did not encounter structural distortion caused 
by the histology procedure.  
 
The results from this study have shown that ex-vivo ultrasound plaque tissue 
characterisation can be achieved qualitatively for certain components. In all (100%) 
of the cases in which an echolucent region was found in the ultrasound images, a lipid 
region can be confirmed at the same location by the corresponding histology sections. 
Tissue characterisation of the fibrous cap can also be performed qualitatively, 
however with a certain level of difficulty. Further to this, the outer wall can be 
characterised quantitatively as can the luminal wall despite the disparity that is caused 
by the tissue processing. The lipid core and the calcified regions of the plaque can be 
semi-quantitatively characterised, with a certain degree of accuracy. This may be 
partially explained by the fact that at the boundary of the lipid region, a mixed fibrous 
and lipid tissue region may exist. At this mixed region, the echo signal is neither 
echogenic (associated with non-fibrous tissue), nor echolucent (associated with 
fibrous tissue). Therefore the grey-scale contrast between the regions can not be 
clearly defined. However, the fibrous cap cannot be characterised quantitatively due 
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to its small size and the arbitrary angle between the fibrous cap layer and the 
ultrasound scan beam.  
 
Based on the visual examination, the echolucent region is present in most of the lipid 
region which is the key factor that drives this part of the study further. However, the 
unclear boundary of the echolucent region causes a major problem during image 
segmentation. The results from this chapter suggested that the image segmentation 
used for detecting lipid region boundaries may be subjected to errors depending on 
the character of the mixed region, although a reasonably good inter-operator 
repeatability was obtained. Further investigation of the signal character for the region 
boundaries may improve segmentation accuracy and generate better ultrasound tissue 
characterization results. The ultrasound scan parameters could also be optimized in 
the future.  
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Chapter 8 
Discussion and Conclusions 
 
 
 
The main objectives of this study were the following: 
• To study the morphological differences in the atherosclerotic carotid plaque 
between the ruptured and non-ruptured plaque groups.  
• To study the differences in the macrophage content and distribution pattern 
between the two patients groups (ruptured and non-ruptured).  
• To develop a procedure to generate a high resolution 3-D reconstruction of a 
patient-specific plaque based on histology sections and ex-vivo ultrasound. 
• To perform a feasibility study investigating the use of ex-vivo 2D ultrasound 
images for plaque tissue characterisation, using corresponding histology sections 
as the “gold standard”.   
 
Current MRI technology has been demonstrated by our group to provide sufficient 
information to perform plaque structure characterisation (Hao et al 2008). This 
finding has also been supported in other similar studies (Bazot et al 2010). By 
implementing the use of fluid structure interaction (FSI), on patients who were 
recently subjected to plaque ruptures, the correlation between local stress 
concentrations and fibrous cap rupture sites was demonstrated. In addition, the study 
showed that there is a significant difference in stress levels found between 
symptomatic and asymptomatic patients, indicating that plaque stress could be used as 
a factor to determine plaque vulnerability. Since macro-level stress analysis does not 
include the influence of local material property and strength variations, the results of 
such studies may be inaccurate. To improve our understanding of plaque rupture 
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mechanisms, further details are necessary regarding plaque morphology at the micro-
level. The present study therefore aimed to improve the current knowledge on the 3D 
plaque structure at the microscopic level, and investigate any possible relationship 
between plaque structure and rupture.    
 
Hypothesis: - It was hypothesized that “there is a morphological difference in 
atherosclerotic carotid plaques between ruptured and non-ruptured groups”. It was 
further hypothesized that “these difference are correlated with differences in the 
macrophage content and distribution pattern between the two patient groups”.  
 
Based on the techniques developed in the present study, attempts were carried out to 
develop a procedure to generate a high resolution 3-D reconstruction of a patient-
specific plaque based on histology sections and ex-vivo ultrasound for possible 
further stress analysis at the micro-level. Finally, a feasibility study was performed 
investigating the use of ex-vivo 2D ultrasound images for plaque tissue 
characterisation using corresponding histology sections as the “gold standard”.   
 
To accomplish these, standard histological procedures were applied to analyse carotid 
endarterectomy specimens. Antibody staining of CD68 inflammatory marker was 
used on transverse sections generated from histology for identifying macrophage 
cells. Furthermore, a finite element method (FEM) was used to perform tissue 
registration to correct the non-linear tissue distortion caused by tissue processing 
during histology. The corrected 2-D section images were then used to generate high 
resolution 3-D reconstructions of patient-specific plaques.  
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8.1 Plaque Morphology Analysis 
The rupture of an unstable atherosclerotic carotid plaque can lead in many cases to a 
thrombus–mediated acute cardiovascular event. The necrotic core fibroatheroma 
(NCFA) is a type of atherosclerotic plaque that comprises the vast majority of carotid 
lesions which are implicated in acute cardiovascular events. This type of lesion 
consists of a fibrous cap, which shields an underlying necrotic lipid pool from contact 
with the flowing blood in the lumen. Numerous studies have demonstrated that the 
characteristics of an unstable plaque which is prone to rupture, are a thin fibrous cap 
(Gao et al 2008), a large compliant necrotic core, and activated macrophages which 
can be found near the fibrous cap. When the fibrous cap ruptures, the thrombogenic 
contents of the lipid pool (Sovrshaev et al 2010) become exposed to the blood, 
resulting in an occlusive thrombus that initiates the onset of an acute cardiovascular 
event. 
 
8.1.1 Mean value Difference between the Two Patient Groups 
Collagen Contents 
 
The invasion of inflammatory cells into the intima results in monocyte/macrophages 
engulfing lipids found within plaques. These cells form foam cells and then 
ultimately die, leaving debris which contributes towards the enlargement of the lipid 
core. Inflammatory cells can send molecular messages such as interferons to smooth 
muscle cells that inhibit their ability to synthesise new collagen molecules. In 
addition, the inflammatory cells release proteolytic enzymes that degrade collagen in 
the fibrous cap. Since collagen is responsible for the structural integrity of the fibrous 
cap, it is important to be able to quantify its collagen content. Currently, the 
quantification of collagen in-vivo in the fibrous cap has been difficult due to the low 
resolution of imaging modalities. However, recent studies have attempted to quantify 
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the collagen content in plaque indirectly by measuring alternative parameters that are 
correlated to collagen. Goncalves et al (2008) demonstrated a positive correlation 
between cystatin C levels and collagen levels (r=0.50, p=0.004) in plaques. Hector et 
al (2010) found greater collagen deposition, increased presence of CD68 positive 
cells, and an increased pyridinoline (Pyd): deoxypyridinoline (Dpd) ratio, covalent 
intermolecular cross-links required for collagen maturation, in plaques versus normal 
vascular tissue. Differences in these cross-links may have relevance to the 
mechanisms underlying the rupture of vulnerable plaques. Future improvements in 
techniques may enable the quantification of these parameters to indirectly measure 
the collagen content, and distinguish between vulnerable and stable plaques. 
 
Results from the present study show that the collagen content in the fibrous cap in 
general is significantly lower in ruptured plaques compared with non-ruptured 
plaques, (40.1±13.11% and 49.31±10.09% respectively, p=0.08). This result is in 
agreement with a study performed by Fagerberg (2010), which demonstrated that low 
collagen content in the upstream region of the plaque coincided with the majority of 
ruptures.  Fagerberg et al (2010) only used a limited number of sections throughout 
the entire plaque, while up to 30 sections were used in the present study. Furthermore, 
our results have been categorised into ruptured and non-ruptured patient groups, 
which has not been performed by previous studies. 
 
Lipid core size 
Plaques that have small lipid cores generally remain clinically silent (Davis M J et al 
1990), whilst plaques that are characterised by large lipid cores are considered to have 
an increased likelihood of having larger stress and are more prone to rupture (Gao et 
al 2008). A larger lipid core may result in a higher accumulation of macrophage cells, 
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therefore causing increased collagen degradation. The size of the lipid core may 
therefore indicate the macrophage content in plaque, which would indirectly 
determine the collagen content. If this assumption is correct, the diagnosis of 
vulnerable plaques can be made easier as ultrasound and MRI can reliably reveal lipid 
core size. Investigating the lipid cores in plaques has therefore been central for many 
groups working on plaque vulnerability and rupture (Abdel-Karim et al 2011, 
Gardner et al 2008, Cappendijk et al 2008). It is widely believed that ruptured plaques 
are more likely to be associated with large lipid cores (Wasserman et al 2008). 
 
In this study, the mean size of the lipid core was quantified for both ruptured and non-
ruptured plaques. The results demonstrated that ruptured plaques have significantly 
larger lipid core sizes than non-ruptured plaques, 904.31±377.04µm and 
548.62±207.56µm (p=0.02), respectively. In addition, the results also showed a 
negative correlation between lipid core size and collagen content in both ruptured and 
non-ruptured plaques (r = -0.73 and r = -0.84, respectively). Although the present 
study did not directly stain for proteolytic enzymes released by macrophage cells, it 
does indirectly suggest this trend by the negative correlations found between the lipid 
core size and the collagen content in both plaque groups.  
 
Fibrous cap thickness 
It is believed that a thicker fibrous cap is associated with a more stable plaque. 
Studies analysing both plaque specimens and stress have shown that a thin fibrous 
cap (<65microns) for a coronary plaque will most likely be subject to rupturing 
(Tavora et al 2010), while for a carotid plaque, this critical value is 200 microns 
(Redgrave et al 2008). Therefore, a direct measurement of fibrous cap thickness for 
individual plaques will provide a direct plaque rupture risk index. Previous studies 
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have reported fibrous cap thickness in either only non-ruptured (Kume et al 2006), or 
ruptured (Kubo et al 2007) coronary plaques, or in symptomatic carotid plaques 
(Fagerberg et al 2010). The present study categorised carotid plaques into ruptured 
and non-ruptured groups, and compared the mean values using sections taken at high 
frequency in the longitudinal direction of the plaque. The results of the present study 
showed that ruptured plaques have thinner mean fibrous caps compared with non-
ruptured plaques, 302.64±97.08µm and 417.52±139.74µm (p=0.03), respectively. 
Although the difference was not significant, this difference in characteristics may be 
explained by the fact that plaques with thin fibrous caps also had large lipid cores 
(904.31±377.04µm), and plaques that had thicker fibrous caps had smaller sized lipid 
cores (548.62±207.56µm). It should also be noted that these fibrous cap thickness 
values are the average value of the minimum fibrous cap thickness per section for the 
entire plaque, which may be larger than the minimum value of the fibrous cap 
thickness quoted by Redgrave et al (2008). These findings are in concordance with 
Yonetsu et al (2011), who also showed that ruptured plaques had thinner fibrous cap 
thickness than non-ruptured plaques; however, it was performed using coronary 
plaques, which can differ from carotid plaques in numerous ways, and was carried out 
using OCT imaging, which can suffer from low resolution and contrast.      
 
8.1.2 Longitudinal Distribution 
Hypothesis: - “If there are differences in blood flow variations between the up- and 
downstream regions of a plaque, which can influence gene expression and cellular 
function, then plaque morphology may vary longitudinal between ruptured and non-
ruptured plaques”. 
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Most studies analysing plaque morphology have only focused on a few sections 
around the plaque throat region (Fagerberg et al 2010). These studies rarely 
investigated the 3D distribution variation of plaque morphology longitudinally. 
Studies have shown that collagen content varies considerably along the length of the 
plaque (Kratky et al 1998), based on a few specific locations in a plaque. Fagerberg et 
al (2010) also studied the variations in the plaque components along the longitudinal 
direction by analysing 7 sections in total, 3 in the upstream region, 1 at the plaque 
throat, and 3 in the downstream region. The objective of the present study was to also 
investigate these parameters longitudinally throughout the plaque. Three regions 
(upstream, throat (maximum stenosis), and downstream) were defined for each plaque 
in the study, and each section was selected at every 250 micron longitudinal intervals 
to reveal the detailed structural changes that may occur.  
 
Lipid core:  
Although Fagerberg et al (2010) reported on the longitudinal variations in the 
collagen and macrophage content in plaques, there was no data on lipid core size. The 
results from the present study showed that the lipid core is generally thinner in the 
shoulder regions, and thicker in the throat regions. The ruptured plaque group had a 
significantly larger lipid core thickness than the non-ruptured plaque group in the 
upstream (p=0.009) and throat (p=0.04) regions. In the downstream region, although 
the ruptured plaques continued to have a larger lipid core than the non-ruptured 
plaque group, the difference was not significant (p=0.12). Nevertheless, the results 
demonstrate a significant morphological difference that exists between the 
longitudinal lipid core thickness for ruptured and non-ruptured plaques.  
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Fibrous cap thickness:  
In the present study, the mean fibrous cap thickness was calculated for each of the 
three longitudinal regions. The results showed that the ruptured plaque group had a 
significantly thinner fibrous cap than the non-ruptured plaque group in the upstream 
(p=0.004) and throat (p=0.015) regions, although the difference between the two 
groups were not significant in the downstream region (p=0.8), despite a thinner cap 
being evident for the ruptured group (307±115 µm versus 332±66 µm). To the 
author’s knowledge there are no known studies in the literature which have quantified 
the longitudinal cap thickness in such detail. 
 
Collagen content 
Although previous studies have reported variations in the collagen content in plaques 
(Kratky et al 1998), the present study demonstrated quantitatively the collagen 
content distribution for ruptured and non-ruptured plaque groups at high resolution 
along the longitudinal aspect of the plaque. The collagen content in the non-ruptured 
plaque group is at its lowest in the upstream region, highest in the throat region, with 
a slight decline in the downstream region. In contrast, collagen content in ruptured 
plaques is at its peak in the upstream region and gradually declines towards the 
downstream region. This finding is on partial agreement with Fagerberg et al (2010), 
who also demonstrated a gradual decrease in collagen content along the longitudinal 
aspect of the symptomatic plaque. In comparing the collagen content difference 
between the two patient groups, in the upstream region, the collagen content value is 
slightly lower in the non-ruptured group than the ruptured group, whereas the value is 
significantly higher for the non-ruptured plaques compared with the ruptured plaques 
in the throat region.  
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It is interesting to note that the results of the fibrous cap and lipid core thickness are 
both indicative that the upstream region is more vulnerable to rupture than the other 
regions in a plaque, which is in agreement with clinical evidences that indicate that 
the majority of ruptures occur in the upstream region of the plaque. The higher 
collagen content occurring at the upstream shoulder for ruptured plaques may be due 
to arterial remodelling.  
 
3D distribution of the plaque components 
The 3D collagen distribution for 18 specimens was studied and demonstrated the 
distribution for a ruptured and a non-ruptured case. A common feature in most 
ruptured plaques studied was that ruptured regions generally correlated with regions 
of low collagen content. From figure 4.10(a), it can be seen that in section 10, along 
the longitudinal aspect of the plaque (throat region) there is very low collagen. 
Histological assessment revealed that this region has a fibrous cap with a clear sign of 
rupture. This finding is in agreement with Bury et al (2001) who showed that low 
collagen content correlated with a decrease in fibrous cap mechanical strength 
causing it to be more prone to rupture. This study has shown that by investigating the 
3D collagen distribution pattern in high resolution, it is possible to identify and 
present the longitudinal location/region of a plaque rupture site clearly. It can also be 
used to improve our understanding of the morphological difference between ruptured 
and non-ruptured plaques.  
 
8.1.3 Structure at the Rupture Sites: 
Although it was found that the collagen content was higher in the upstream region, 
conferring stability; studies have shown the upstream region to also contain a higher 
frequency of thin fibrous caps (Fagerberg et al 2010), allowing instability, it is 
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therefore important to conduct a detailed investigation into the morphology at the 
rupture site itself to improve our understanding of the actual morphometric of plaque 
rupture. Lendon et al (1991) demonstrated that in human aortic plaques, fibrous caps 
of ruptured plaques are locally weakened by significant increases in macrophage 
density. Although the study does not directly quantify the collagen content, it did 
quantify the macrophage density, which weakens the caps of plaques by degradation 
of the collagen.  
 
In the present study, the collagen content at sites circumferentially adjacent to the 
rupture site was analysed. The mean collagen content in the adjacent region to the 
rupture site for all the specimens was found to be 15.06±8.58%, compared with 
37.76±22.47% for the surrounding circumferential regions (p=0.04). Longitudinally 
(regions located 0.5mm upstream and downstream of the rupture site), the mean 
collagen content was found to be significantly lower for the rupture site 
(15.06±8.58%) compared with the immediate upstream sections (53.58±34.72%, 
p=0.008). The collagen content in the rupture site was found to be lower than the non 
ruptured region at the downstream sections (28.40±19.30%, p=0.24026), however, 
the difference was not significant. These findings suggest that a local event within the 
fibrous cap may occur resulting in a general decrease in the collagen content, causing 
the weakening, potentially leading to the eventual rupturing of the fibrous cap. It is 
generally believed that low collagen content can be the result of a local accumulation 
of macrophages and the consequent ECM degradation. However, it is not known why 
they may accumulate more in certain areas of the cap than others. There have been a 
few recent studies which have focused on investigating factors that may influence 
such occurrences. Howarth et al (2007) demonstrated that the location of macrophage 
cells correlated to maximum predicted stresses on the plaque. However, it is very 
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difficult to prove the possible relationship between macrophage migration and 
accumulation in a plaque with local stress.  
 
The findings from this part of the study led to the investigation of the lipid core size, 
located directly behind the rupture site. It was hypothesised that a large lipid core 
would contain higher densities of macrophage cells. The macrophage cells would 
release proteolytic enzymes that would degrade the collagen in the nearby fibrous 
cap. This may explain the significantly lower collagen contents found at the rupture 
site.   
 
The results showed that the mean thickness in this region was 2045.79±120.66µm, 
while the mean thickness of the lipid core in the surrounding circumferentially 
adjacent regions was 1539.21±258.70µm (p=0.004). The difference was significant. 
The result also showed that in the immediate upstream section (250 microns 
upstream), the lipid core thickness reduced to 1237.19±860.44µm. In the immediate 
downstream section (250 microns downstream), the lipid core thickness was found to 
be significantly lower than the rupture site with a value of 1206.88±626.37µm and 
p=0.009. These findings indirectly support the hypothesis that the lower collagen 
content demonstrated at the rupture site may be due to the higher accumulation of 
macrophage cells, which was initially manifested by the large sized lipid core. The 
macrophage cells would release proteolytic enzymes that would act to degrade the 
collagen in the nearby fibrous cap causing it to rupture as was observed.  
 
The differences in the lipid core size and collagen contents between the rupture sites 
and the adjacent regions are significant; however, the fibrous cap thickness does not 
vary significantly between the regions, although the fibrous cap is generally thinner at 
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the rupture site. This may be due to the small sample size available for the present 
study. Fibrous cap thickness has been generally studied between symptomatic and 
non-symptomatic plaques in published literature. There are very few studies which 
have reported results around the rupture sites. Based on this study, it seems that local 
collagen fibrous density is more predictive of the occurrence of a rupture; this has not 
previously been reported. 
 
Macrophage Distribution 
Hypothesis: - “If macrophages release proteolytic enzymes which act to degrade 
collagen causing them to be more prone to rupture, and if there are blood flow 
variations in the up- and downstream regions, then ruptured plaques may have a 
higher frequency of macrophages compared to non-ruptured plaques, and there may 
be variations in the different regions between the two groups”. 
 
Inflammation plays an important role in the initiation and development of 
atherosclerosis in human carotid arteries. Macrophages are the key cells that drive the 
inflammatory process in atherosclerotic plaques. The presence of macrophages in 
carotid plaques is a result of monocytes entering the vessel wall in response to cell 
adhesion molecules being expressed on the surface of endothelial cells. Upon entering 
the arterial wall, monocytes differentiate into macrophage cells and function to engulf 
the lipid in the plaque. A study by Potteaux et al (2011) demonstrated this process by 
inhibiting monocyte recruitment into plaques, coupled with a stable rate of apoptosis, 
there was a reduction in macrophage content. In addition, as already mentioned, 
macrophage cells release proteolytic enzymes that degrade collagen in plaques. The 
study of macrophage cells in atherosclerotic plaques is therefore fundamental in 
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assessing the progression of plaques as well as in the risk assessment of plaque 
rupture.  
 
Many studies have also focussed on macrophage-collagen interaction to improve 
current risk assessment strategies. Barascuk et al (2010) showed that human 
macrophage foam cells degrade the extracellular matrix (ECM) of atherosclerotic 
plaques by cathepsin K mediated processes. Fagerberg et al (2010) reported that in 
sixty eight percent of plaques that were studied, macrophages were found to be more 
prevalent upstream of maximum stenosis compared with the downstream region, 
based on approximately 7 sections taken from the entire plaque length. 
Correspondingly, Fagerberg et al (2010) also found that collagen content was higher 
in the upstream region compared to the downstream region. Although only the cap 
shoulder regions were examined, Dirksen et al (1998) and Yilmaz et al (2007) also 
demonstrated that macrophage content is higher in the upstream region than in the 
downstream region. 
 
In the present study, transverse sections were stained for macrophage cells at 250µm 
intervals along the longitudinal aspect of the plaque to ensure local variations in 
macrophage contents were identified. The results showed that in both ruptured and 
non-ruptured groups, macrophage cells were found to occupy a larger area in the 
upstream region of the plaque throat compared with the downstream region. These 
results further confirm the findings from previous studies, however, in the present 
investigation the results were based on an increased frequency of sections along the 
longitudinal aspect of the plaque to take into account any local variations. In addition, 
the 3D localization analysis showed that macrophage cells were found localised at 
close proximity to the luminal wall in ruptured plaques compared with non-ruptured 
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plaques. Attempts have been previously made by other groups demonstrating 
macrophage cell distributions in vulnerable plaques ((Barascuk et al 2010), Hyafil et 
al (2009) Korosoglou et al (2008)), however, they have seldom been used to correlate 
these macrophage localisations with the rupture site.  
 
The findings of this study have suggested that macrophage cell content is greater in 
ruptured plaques compared with non-ruptured plaques. It has also demonstrated that 
ruptured plaques have larger lipid core sizes than non-ruptured plaques. Gronholdt et 
al (2002) observed that increases in macrophage density in carotid plaques were 
associated with increased lipid content, and plaque echolucency. However, the 
detection of macrophage cells was performed by identifying specific histological 
sections with the largest area of macrophages, which is subjective. In addition, their 
study harvested only 3 sections from each specimen to generate the mean value for 
the analysis, which may not be accurate. Results from the present study show that 
there is a strong correlation between the mean lipid core area and the mean 
macrophage area for both the ruptured (r=0.76) and non-ruptured plaques (r=0.98). 
For the longitudinal comparisons, results showed that in the upstream region, for both 
ruptured and non-ruptured plaques, the correlation between lipid core size and 
macrophage area is much stronger (r=0.92 and r=0.90, respectively), compared with 
the downstream region (r=0.72 and r=0.68, respectively). These findings are in 
agreement with previous studies performed by Gronholdt et al (2002), and Kuroiwa et 
al (2010); however the present study has shown this in much greater detail and has 
categorised the data into two patient groups, unlike previous studies. 
 
The significance of this finding is that it could aid in the clinical diagnosis of patients 
with vulnerable plaques. Although it is currently not possible to detect macrophage 
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accumulation clinically, ultrasound is able to detect lipid cores of atherosclerotic 
plaques due to their echolucent properties and it could therefore be used to indirectly 
indicate local accumulations of macrophage cells and the consequent low local 
collagen contents.  
 
8.2 High Resolution 3D Reconstruction of Plaque  
Hypothesis: - “A combination of histology, ultrasound, FEM, and 3D modelling 
techniques may provide a solution to using high resolution analysis of plaque 
morphology to improve the clinical assessment of vulnerable plaques”.  
 
Further analysis of plaque stability using methods such as stress analysis relies on 
accurate reconstruction of the plaque 3D structure. MRI images are generally used for 
mechanical model generation. (Tang et al 2009, Gao et al 2011) However, the limited 
spatial resolution of MRI is not capable of resolving detailed plaque features. In 
addition, the contrasts between plaque features are also difficult to distinguish and 
can be subjective. However, histology sections of plaque specimens can provide not 
only high resolution images of the plaque, but also accurate tissue definitions of 
plaque components, and provide an ideal solution for accurate model generation.  
Vengrenyuk et al (2010) used histology based finite element analysis to evaluate peak 
circumferential stresses in aortic and brachelocephalic arteries However, there are 
many potential problems in applying the method to 3D plaque model reconstruction 
such as (a) registration of the sections into 3D; (b) studies have shown that the 
fixation, tissue processing, and the wax embedding steps during histology can cause 
significant tissue distortion; (Dobrin et al 1995, Lowder et al 2007) which was also 
demonstrated in the present study (Luppi et al 2009).  
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The idea of reconstructing 3D tissue structure from high resolution images such as 
histological sections using micro CT, has previously been performed, and is therefore 
not novel.  Investigators have previously developed algorithms for generating 3D 
tissue micro-structure (Requena R et al 2007). Groen et al (2010) performed three-
dimensional registration of histology sections from human atherosclerotic carotid 
plaques to in-vivo images with section intervals of 1mm. The study showed the 
feasibility of the procedure. However, the 3D reconstruction of the present study has 
the specific aim of performing plaque stress analysis in an accurate model. It is a 
cross-scale reconstruction with certain fine details (at the micron level in-plane 
resolution) but performed on a large longitudinal axis (>5cm in general), and was 
therefore very difficult to perform, as it required the registration of the orientations 
for all the sections. The present study clearly demonstrated the feasibility of 
generating high resolution plaque 3D structure throughout the entire length. The study 
showed that with the proposed procedure using ex-vivo ultrasound, it is possible to 
construct an accurate 3D model of plaques for stress analysis purposes. In addition, 
the proposed procedure enables functional information such as inflammation 
activities obtained from immunohistochemical analysis to be inserted directly in to 
the model in the future. This has not been reported or proposed in any other previous 
reports, and it may provide a framework for advanced 3D registration of plaque 
histological sections to ex-vivo ultrasound with molecular level accuracy. The direct 
comparison of the mechanical stress and the biological activities of plaque 
components will provide critical information on the understanding of arterial 
remodelling and plaque rupture.  
 
This part of the study also performed an indirect assessment of the tissue shrinkage of 
histological sections by a FEM registration modelling process. The quantification of 
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the shrinkage rate for the different arterial plaque components is novel. It was found 
that the shrinkage varied significantly for the different plaque components, and the 
overall shrinkage is also morphology dependent. Large shrinkages generally occurred 
during the tissue processing step of the histology procedure. An opened plaque 
specimen (incision made through the lumen) was found to have a much larger 
shrinkage than a circumferentially intact specimen after the histology procedure. This 
result indicates that care must be taken when analysing results from histology 
analysis.   
 
8.3 Application of the Morphology Study Results to Clinical Diagnosis 
The plaque morphology results discussed in this chapter focused on the lipid content, 
the collagen content and the macrophage content of atherosclerotic carotid plaques in 
ruptured and non-ruptured patient groups. These have been investigated and discussed 
in detail in relation to the plaques longitudinal direction, and the correlations between 
the different components. The aim of this part of the present study was to apply the 
results of the morphological analysis to aid clinical practises. 
 
Ultrasound imaging is the front line technique for assessing patient arterial plaque in 
clinical practices due to its low cost, easy access, and non-invasive nature. However, 
the information that clinicians can use from ultrasound assessment of a plaque is 
generally limited to the degree of stenosis (or luminal narrowing). Luminal narrowing 
is not an ideal parameter to use for estimating plaque size, and may even 
underestimate the atherosclerotic burden. Glagov et al (1987) demonstrated that due 
to compensatory enlargement of the adventitial wall, vessels can suffer large 
increases in atherosclerotic plaque mass without luminal narrowing. Ultrasound tissue 
characterization of plaque assessment became a major research focus for many years. 
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Based on the fact that different plaque components have significantly different 
mechanical properties, a varied contrast is generated between components to provide 
an accurate diagnosis of plaque morphology. However, due to the generally poor 
image quality caused by many factors, the results for ultrasound tissue 
characterization is still far from satisfactory (Kern et al (2004). A few studies have 
attempted to improve the image quality of B-mode scanning for the characterisation 
of atherosclerotic plaques in carotid arteries by reducing the reverberation artefacts 
(Liasis et al 2008). Despite the limitations of the image quality in ultrasound, studies 
have focused on understanding differences in image contrast (grey-scale) to assess 
plaque vulnerability. Tegos et al (2001) demonstrated that echogenic characteristics 
and the degree of stenosis are the strongest predictors of carotid plaque behaviour. 
Gronholdt et al (2001), demonstrated that echolucent plaques causing >50% diameter 
stenosis by Doppler ultrasound are associated with the risk of future strokes in 
symptomatic patients. Although encouraging, the studies showed no evidence of 
validating the echolucent region correlation to the corresponding plaque features. 
Denzel et al (2003) investigated whether ultrasonography could characterise plaque 
morphology and surfaces independent of the observer. The study showed that analysis 
of the internal structure on the basis of the grey-scale showed only vague agreement 
with the histological findings. Droste et al (2000) compared preoperative B-mode 
ultrasound plaque appearance with the histology of carotid endarterectomy 
specimens, and found that carotid B-mode ultrasonography is able to predict the 
histopathological components and the texture of carotid plaques. However, the 
preoperative B-mode ultrasound images were compared to corresponding histology 
images without the consideration of the tissue distortions caused by histology 
processes. In the present study, ultrasound images were compared not only with 
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associated histology sections, but also with cross-sectional photographs, which were 
not subjected to structural distortions. 
 
The research setup in our group at Brunel University enables us to perform in-vivo 
ultrasound scans for patients before CEA, and ex-vivo scans on the same plaque 
specimens. It provides an ideal opportunity to assess the ability of ultrasound tissue 
characterization, by comparing ultrasound images of a plaque at in vivo condition, ex 
vivo condition (ideal scan condition), and with histology results. A major difficulty of 
assessing plaque in vivo by ultrasound was that the outer arterial wall cannot be 
defined accurately. As a consequence, the varied image intensity in the plaque regions 
cannot be defined accurately. An ex vivo ultrasound scan is not subjected to this 
problem. The preliminary results of this study were presented in this thesis.  
 
The results of the current study indicated that ultrasound images can accurately 
demonstrate the appearance of the lipid core. An echolucent region in an ultrasound 
image can always be identified as a lipid core in the corresponding histology sections 
for all tested sections. Conversely, for most of the histology images which have a 
lipid core, an echolucent region can be found on the corresponding ultrasound image. 
In certain cases, ultrasound images which did not show echolucent regions were 
contradicted by histology images, and in these certain cases, the lipid regions were 
generally found to be very small in size.  
 
The agreement for the fibrous cap size measurements from the ultrasound image with 
either photograph or histology was very poor. This was primarily as a result of the 
small size of the fibrous cap, which the resolution of the ultrasound was unable to 
clearly resolve.  
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As the findings have shown, the macrophage content is closely linked with plaque 
collagen content, which is a major determinant of fibrous cap quality. Therefore, by 
assessing the echogenic properties of the plaque using ultrasound, it may provide an 
indication to the fibrous cap quality. With improvements in ultrasound image quality, 
and in boundary detection, the ability to characterise and quantify the plaque lipid 
content would have considerable benefits to clinical practice, as the fibrous cap 
quality could be determined indirectly. 
 
8.4 Limitation 
Firstly, cryosectioning (frozen section) was not adopted in the present study. Unlike 
wax histology, frozen sections would preserve the lipid core of plaques, providing 
increased accuracy in the morphology assessment. As shown in the study, paraffin 
wax histology can introduce upto 30% tissue shrinkage, a problem which could be 
eliminated by using frozen sections. In addition, 3D plaque geometry reconstruction 
for stress analysis purposes requires accurate plaque geometry; the use of frozen 
section would have enabled this without the requirement of image registration using 
finite element method, which was used for the current study. 
Secondly, MMP distributions were not directly measured. Although the study did 
show an indirect link between macrophage distribution and collagen degradation, 
using MMP staining would have enabled the demonstration of a more direct link 
between the two factors, since macrophages release MMP’s which act to degrade 
collagen. Furthermore, elastin distribution was not measured; therefore the internal 
elastic lamina could not be defined in plaque tissue, which is believed to have 
significant influence on macrophage cell migration. Staining for elastin would have 
provided important information that may have given us a better understanding of the 
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mode of entry for macrophage cells, i. e. whether they enter from the adventitia by 
local microcirculation or via the luminal wall.  
 
Thirdly, we did not use sufficient landmarks in the ultrasound scan for the registration 
process. In the present study only an ink landmark was used to perform the 
registration process. Increasing the number of physical landmarks would significantly 
increase the accuracy of the registration result. 
 
Fourthly, the use of pressure-fixation would be desirable to obtain physiological 
accurate model geometries. In the present study, the vessel lumen was subjected to 
buckling as it was without the presence of any internal pressure, and which is evident 
in the ultrasound images.  
 
8.5 Conclusion 
The vulnerability of a plaque to rupture has been shown to be largely determined by 
its morphological characteristics. Plaques with large lipid cores and thin fibrous caps 
are more prone to rupture than plaques with a small lipid core and a thick fibrous cap. 
The study of plaque morphology is therefore important in determining a plaques 
vulnerability to rupture. In the present study, it has been shown that that there is a 
morphological difference in atherosclerotic carotid plaques between the ruptured and 
non-ruptured groups.  
 
It was further demonstrated that these differences are correlated with differences in 
the macrophage content and distribution patterns between the two patient groups. 
Macrophages are known to release proteolytic enzymes that act to degrade the 
collagen in plaques, rendering them susceptible to rupture. Ruptured plaques have 
higher macrophage contents than non-ruptured plaques. Using the results obtained 
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from these studies (chapters 4 and 5); a procedure was developed to generate a high 
resolution 3-D reconstruction of a patient-specific plaque, based on histological 
sections and ex-vivo ultrasound for accurate stress analysis to study biomechanical 
interactions. The latter study led us to perform a feasibility study investigating the use 
of ex-vivo 2D ultrasound images for plaque tissue characterisation, using 
corresponding histological sections as the “gold standard”. 
 
The current limitations of ultrasound are that its resolution is not sufficiently high to 
resolve and distinguish small sized plaque structures. Other limitations of ultrasound 
are that it is not possible to distinguish between tissues with similar echolucent or 
echorich properties.  
 
The present study has demonstrated that quantifying the thickness of the fibrous cap 
using ultrasound is clearly not attainable. In addition, other parameters such as the 
collagen density and macrophage activity are not possible to quantify using 
ultrasound. The development of molecular imaging technology in the future may 
enable macrophage activity to be quantified. This study has shown that although it is 
not possible to derive the thickness of the fibrous cap in atherosclerotic plaques using 
ultrasound, it is possible to reliably show the size of the lipid core (discussed in detail 
in chapter seven). The study showed us qualitatively that the lipid core in ex-vivo 
ultrasound is clearly definable. The study has also demonstrated that the size of the 
lipid core is correlated to the plaques macrophage content, which is negatively 
correlated to the collagen content. Therefore, by investigating the lipid core using 
ultrasound, it should be possible to reveal the quality of the fibrous cap indirectly 
based on its collagen content and in a manner that may facilitate better clinical 
diagnosis and prognosis. 
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Based on the research results the main conclusions which can be derived from this 
research are: 
• Ruptured plaques have a significantly thinner mean minimum fibrous cap 
compared with the non-ruptured plaque group (p=0.03). 
• The lipid core thickness is significantly larger in the ruptured plaque group, 
compared with the non-ruptured plaque group. 
• The mean collagen density (ratio of collagen and non-collagen material) in 
the fibrous cap of ruptured plaques is significantly lower compared with the 
non-ruptured plaques. 
• The collagen content decreases along the longitudinal length of the plaque in 
ruptured plaques from the upstream to the downstream regions. 
• In both the upstream and downstream regions for all the specimens studied, 
the fibrous cap thickness is significantly greater in the non-ruptured plaque 
group compared with ruptured plaques.  
• Collagen content in the fibrous cap at the site of the rupture is significantly 
lower compared with the mean in the surrounding region. Also the lipid core 
thickness behind the rupture site is significantly larger in size compared with 
the mean thickness in the rest of the surrounding region. 
• The thickness of the fibrous cap at the rupture site is thinner than the mean 
thickness of the fibrous cap in the adjacent regions but the difference is not 
significant. The presence of a large lipid core and active collagen degradation 
(therefore a low content), may therefore be more important than a thin cap as 
a feature of plaque stability. 
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• In both upstream and downstream regions, the ruptured plaque group has a 
higher macrophage area in each transverse section compared with the non-
ruptured plaque group. 
• The area occupied by macrophage cells is positively correlated to the size of 
the lipid rich necrotic core, and negatively correlated with the collagen content 
for most sections. 
• There is a difference in the 3-D macrophage distribution pattern between 
ruptured and non-ruptured plaques. In ruptured plaques, macrophage cells are 
located nearer to the boundary of the luminal wall, compared with non-
ruptured plaques. 
• The macrophage area is larger in the upstream region, than in the downstream 
region for both plaque groups. 
• The study demonstrates the feasibility of using histological images, combined 
with the plaque outline geometry provided by US images, to reconstruct 3D 
arterial plaque at a microscopical-level for stress analysis purposes. 
• Ex-vivo 2D US has shown good potential for plaque tissue characterisation 
based on 2 plaque specimen blocks. However, the quantitative agreement 
between the US tissue characterization results and associated histology results 
are still not satisfactory. More studies should be carried out to improve 
ultrasound image quality and image segmentation accuracy. 
 
8.6 Future Research Directions 
There is currently a gap in the knowledge between abnormal biological activity, such 
as macrophage accumulation, and the final result of structural change. The 
distribution pattern of enzymes such as MMP’s that are produced by macrophage 
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cells and which may modify plaque collagen distribution is an important area for 
future studies. A detailed study of MMP involvement in plaque stability and 
remodelling may provide a clearer understanding of plaque pathogenesis.  
 
Immediate future work on the application of the 3D plaque model could be a FEM 
stress analysis, using models of patient-specific plaques. The stress distribution 
results could be analysed together with inflammatory information about the plaque. 
Furthermore, to improve the accuracy of FEM based image restoration, more physical 
landmarks are required to be introduced to the ultrasound scans. The application of 
cryosection could generate sections that are not subjected to tissue shrinkage; 
therefore validation of the corrected image with frozen section images may be 
performed to assess the accuracy of the corrected image in the current study. 
 
Ultrasound tissue characterization is an ongoing project in the group. More specimens 
will be analysed using similar procedures as described in Chapter 7. Improvements to 
the ultrasound scan procedure, as well as in image segmentation techniques, will be 
important tasks for the future.  
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1.0 APPENDIX: FEM Based Image Restoration Error Analysis 
 
1.1 Axial Registration Errors 
Axial registration uncertainties can have a significant impact on the accuracy of the 
overall registration. Two major sources which contributes to axial registration errors. 
They are as follows; (a) US scan error; and (b) non-uniform longitudinal shrinkage of 
the specimen. 
 
In 3D ultrasound acquisition, sound waves are strongly reflected by calcified regions 
resulting in strong signals, which makes the specimen appear longer then its actual 
length. The identification of the first section is difficult in this type of specimen. 
Furthermore, micro bubbles can attach to the surface of the specimen, caused by 
temperature differences between the specimen and the water in the tank, and can 
result in over-estimation of the specimen size. Ultrasound images are considered as 
the “gold standard” for the reconstruction of plaque specimens, errors introduced at 
this stage may affect the results of the entire registration procedure. To overcome 
these problems, a specially designed mechanical arm attached to the US scan probe 
was developed. The image longitudinal location is able to be accurately defined in the 
set of 2D images without pre-processing; therefore the 2D US scan attached to the 
mechanical arm will increase accuracy. In addition, the 2D scans will limit the effects 
of the signal reflection that occurs in calcification regions.  
 
The longitudinal non-uniform shrinkage in plaque specimens is partially corrected by 
measuring the longitudinal length of each tissue segment after tissue processing, and 
therefore the shrinkage encountered by each segment will not influence the 
registration of other segments, and eliminating potential errors.
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1.2 Influence of Assuming First Point during Contour Definition 
The location of the contour starting point for the outer and luminal walls is a crucial 
parameter in the registration procedure. Starting points selected incorrectly can have 
profound influences on the outcome of the FEM registration. The first point selected 
is required to be a recognizable landmark feature in both histology and ultrasound 
images. This point provides the basis of the wall registration between the source and 
target images. However, in certain cases, there can be difficulties in finding a 
landmark which appears in both source and target images. For these certain cases, 
assumptions are made in defining the contour starting point. A test was performed to 
assess the registration uncertainties caused by an inaccurately chosen starting point, 
by altering the locations of the starting point to see the affects on the registration 
results (figure A1-1). 
 
In Figure A-1, the upper panels demonstrate the normal registration, with the first 
point chosen on the left side of the source image. In the lower panels, the first point 
was chosen marginally above the initial first point. The results for the registration, for 
the lower panel, clearly show an inaccurate configuration of the colour region caused 
by distortion. In relation to histology images, where the plaque geometry is irregular, 
and the different plaque components are characterized by different material properties, 
registration errors caused by an inaccurate first point, can result in increased levels of 
uncertainties. Therefore it can be seen that a more reliable landmark system needs to 
be developed in future studies for accurate registration results.    
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Source Image Target Image Registered Image 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A1-1: Highlighting an Error in the First Point Assumption 
 
 
1.3 Sensitivity Test: Influence of the Material Properties 
The values assigned to the material properties for the different components will 
influence the displacement of the internal points. For example, calcified regions are of 
a hard nature, and therefore its shape and position will alter marginally during the 
FEM registration, whilst the geometric shape and position of the lipid region will 
change significantly. A uniform set of material property values were implemented for 
each case, and therefore it is important to assess the sensitivity of the FEM predicted 
displacement of the internal points, by altering the material properties to see the 
affects.
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A set of FEM simulations was performed to assess the sensitivity, as shown in Figure 
A1-2. Six models of arterial plaque section were constructed. The original geometry is 
maintained for all the models. The young’s modulus of the fibrous region, and the 
mixed region (lipid and fibrous tissue) are more likely to have inconsistency in there 
values, and therefore both parameters were varied from 1Kpa to 100Mpa, and 1Pa to 
10KPa for the fibrous and lipid regions respectively, for the six models.    
 I II III IV V VI 
E Fibrous  [Pa] 103 104 105 106 107 108 
ν Fibrous 0.5 0.5 0.5 0.5 0.5 0.5 
E Lipid  [Pa] 103 103 103 103 103 103 
ν Lipid 0.3 0.3 0.3 0.3 0.3 0.3 
E Mixed  [Pa] 1 10 102 103 104 105 
ν Mixed 0.3 0.3 0.3 0.3 0.3 0.3 
E Calcified  [Pa] 109 109 109 109 109 109 
ν Calcified 0.5 0.5 0.5 0.5 0.5 0.5 
 
Figure A1-2: mechanical properties applied to the sensitivity test 
 
 
The results of the FEM registration can be seen in figure A1-3 for one section as an 
example. It can be seen that the results for the first three cases (I to III) were very 
similar. However, in the last three cases (IV to VI), the plaque components can be 
seen to have changes in their size and position, especially the lipid and mixed regions. 
The registered images for cases I to VI are shown in figure A1-3. 
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III 
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Figure A1-3: Registered section for the sensitivity test  
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Figure A1-4: Results for the measurements of area (a, b), perimeter (c, d) and 
aspect ratio (e, f)
 
The calculated values of “ε” are based on values of areas; perimeters and aspect ratio 
(a.r), and are shown in figure A1-4. 
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Figure A1-5: Values of A, p and a.r. for the source image (before the registration) 
 
The area of the calcified and fibrous tissue region was virtually unaltered because of 
the incompressibility of the material properties that was applied. The lipid core area 
increased from 6.31 to 16.36mm2 as the rigidity of the fibrous cap was also increased 
from the lowest to the highest values. On the contrary, the area of the semi-lipid 
region (mixed region) decreased from 19.67 to 11.36mm2. The sum of the area for the 
lipid core and the semi-lipid regions remained constant. Figure A-4 (second column)
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demonstrates that depending on the material properties implemented, there can be a 
significant affect on the results of the distortion quantification that occurs due to the 
histology procedure. For example, when the material property of the fibrous tissue is 
altered to be of a softer nature, the shrinkage of the lipid core is 32%, however, when 
the material property is altered to be more rigid, there is 73% shrinkage of the lipid 
core. The results demonstrate that the selection of material properties can have a 
significant influence on the results for both the distortion quantification, and also the 
3D reconstruction of the model. Therefore, requires the material properties selected to 
perform deformable registration is required to be kept constant for every FEM model 
built.  
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2.0 APPENDIX: Testing the Effects of Temperature Variations on 
Paraffin Wax Sections 
 
2.1 Background: Histology is the study of the microscopic anatomy of cells and 
tissues of plants and animals. The accurate diagnosis of diseases requires tissues to be 
preserved in its natural state when viewing under a microscope. In conventional wax 
histology, a microtome is used to section wax blocks. Paraffin was sections are placed 
into a water bath to remove the presence of any wrinkles, caused by the surface 
tension of the water, and to also enable the sections to be mounted onto the 
microscope slide. However, if the sections are subjected to excess levels of stretch, 
then this process may influence the sections negatively by causing tissue ruptures and 
other artefacts    
 
The primary factors that control the extent of the stretching, is the contents of the 
water bath, and its temperature. Sections with large thicknesses may require increased 
levels of stretching compared to thinner sections to generate a flattened section. 
Increased levels of stretch can be generated by the addition of alcohol to the water 
bath. Placing thin sections in an alcohol/water mixture can cause over-stretching, and 
damage the tissue. The temperature of the water bath is another factor which may 
influence the extent of the stretching, as excess temperatures can cause sections to be 
overstretched. Different studies have reported using different temperatures for the 
water bath to stretch sections. Dai et al (2006) performed histology analysis on 
aneurysm tissue by floating tissue sections on a water bath at 42ºC to remove wrinkles 
(5-6 µm thick sections). Pihan et al (1998) investigated centrosome defects in tumor 
tissues, which are required for correct cell division, and used a water bath temperature 
set at 37ºC. Both studies reported no tissue damage caused by these temperatures. 
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2.2 The primary objective of this study is to analyse the detailed morphological 
differences between ruptured and non-ruptured plaques. It is therefore important to 
distinguish between genuine ruptures, and ruptured caused by artefacts. Evidence of a 
break in the fibrous cap is the main characteristic of a ruptured plaque. Therefore, any 
potential artefacts which may cause breaks in the fibrous cap during the histology 
process should be avoided. The present study is designed to test the possibility of 
fibrous cap ruptures caused by the water bath at varied temperatures. 
 
2.3 Method: The temperature of the water bath was set and maintained for 1 minute 
at the following temperature conditions: 34ºC, 37ºC, 42ºC, 44ºC, 47ºC, 49ºC, and 
55ºC. Tissue blocks were sectioned at 6µm thickness and placed into the water bath 
immediately for approximately 1 minute and mounted on APES coated microscope 
glass slides. A standard picrosirius red staining procedure was applied to all sections. 
The tissue embedding medium used for the test was Kendall Paraplast. 
 
2.4 Results 
Figure A2-1 panels 1-7, shows the result of the tissue structure for the paraffin wax 
sections when the temperature of the water bath is increased from 34ºC to 55ºC. The 
overall structure is shown on the left panel (40X magnification). A magnified image 
(400X magnification), shows the fine details of the collagen structure, and is pointed 
by the arrow on the left panel. The cut in the wall observed in the left panel was 
caused during plaque excision. 
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1   34ºC 
 
2   37ºC 
 
3   42ºC 
 
4   44ºC 
 
5   47ºC 
 
6   49ºC
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7   55ºC 
Panel (A)                                 Panel (B) 
 
Figure A2-1 Picrosirius red staining of plaque tissue at varied water bath 
temperatures Panel (A) 40X magnification; Panel (B) 400X magnification. Water 
bath temperature indicated on right side of panel (B)  
 
 
From the above figure (A2-1), it can be seen that the tissue sections have no visible 
tissue distortions. The structure of the fibres was maintained at a large range of water 
bath temperature conditions. 
 
2.5 Discussion and Conclusion:  
It was found that the paraffin wax used for the histology protocol for this study is able 
to withstand temperatures of up to 55ºC, without causing any visible structural 
damage to the paraffin wax sections as shown in figure A2-1. The temperature of the 
water bath that was used for the present study was 37ºC. Results of this test provide 
support that there is no evidence of tissue structure damage that can be found in the 
tested temperature range.  
 
A separate test was performed in which a wax block without tissue embedded was 
sectioned. The wax section (6µm thickness) can hold its intake structure until 57ºC. 
Further increases in temperature resulted in the wax section to melt and become 
visibly transparent in appearance. At temperatures above 60ºC, the wax section above 
60 ºC. The manufacturer’s description for the paraffin wax indicated that the pellet 
form melting point was 56 degree centigrade (ºC). This may suggest that
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increasing the water bath temperature may have limited effects on tissue structure, 
providing the paraffin wax is structurally reliable to maintain the tissue.  
 
The results of this test are in concordance with other studies found in literature which 
have also used 37 ºC for the water bath temperature. Fujimoto et al (2008) used 4µm-
thick sections with a water bath containing deionised water at 43 ºC in their study of 
plaque tissue. Baker et al (1999) used fixed atherosclerotic coronary plaque tissue 
embedded in paraffin blocks to cut serial 3µm sections. The sections were then floated 
in a water bath set at a temperature of 52ºC. There was no comment on tissue damage 
stated in their studies. 
 
In conclusions, the results of this test demonstrates that paraffin wax sections can 
withstand temperatures of up to 55ºC, without causing any structural damage to tissue 
sections. Water bath temperature of 37 ºC can therefore be considered safe for plaque 
tissue histology analysis. 
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